
 
 

 
 

 
School of Civil and Mechanical Engineering 

Department of Civil Engineering 
 
 
 
 
 

 
 
 
 
 
 
 

Investigations into Effect of By-product Binders in 
Improvement of Cyclic Behaviour of Soil  

 
 
 
 

Mahdi Keramatikerman 
 
 
 
 
 
 

This thesis is presented for the Degree of 
Doctor of Philosophy 

of 
Curtin University 

 
 
 
 
 
 
 
 
 
 

April 2018 

 

 



ii 
 

Declaration 

To the best of my knowledge and belief this thesis contains no material 

previously published by any other person except where due acknowledgment 

has been made. This thesis contains no material which has been accepted for the 

award of any other degree or diploma in any university. 

 

 

 

 

 

 

 

 

 

 

 

 

Signature: …………….…  

Date: 09 April 2018……………………... 

 

 

 

 

 

 

 



iii 
 

  Abstract 

This thesis investigates the effect of two by-product binders consisted of ground 

granulated blast furnace slag (GGBFS), and fly ash (FA) on liquefaction resistance of 

soil by performing a comprehensive series of preliminary and core experimental 

studies. Furthermore, a series of constitutive analysis have been performed based on 

the experimental studies to approximate the correlations of soil’s particle shape and 

binder contents with monotonic liquefaction behaviour of soil.  

In the preliminary experimental study stage, a series of direct shear tests, unconfined 

compressive strength (UCS) tests, ring shear tests, 1-D consolidation tests, and rigid-

wall hydraulic conductivity tests conducted to investigate the effect of different types 

of additives (i.e., lime as a traditional, GGBFS as a by-product, and sawdust and tyre 

chips as reinforcement agents) on mechanical behaviour of soil. The results in this 

stage showed that the application of reinforcement additives (i.e., sawdust and tyre 

chips) is not fully efficient, and application of lime (i.e., traditional agent) is 

accompany with some deficiencies and environmental hazards. The experimental 

analysis on GGBFS showed that this by-product binder is the most effective additive 

to improve the mechanical behaviour of soil. Hence this additive was selected along 

with another by-product agent (i.e., FA) to complete the investigations. 

In the next stage of the study, a series of undrained triaxial compression tests were 

conducted to investigate the effect of GGBFS (i.e., 0, 3, 5, and 7% by dry weight) and 

FA (i.e., 0, 2, 4, and 6% by dry weight) on monotonic, cyclic, and post cyclic behaviour 

of soil. All specimens were prepared using wet tamping method. The mixtures were 

compacted in five layers until a height of 125-mm was obtained. A diameter of 65-mm 

which provided an (aspect ratio of 2). The samples were saturated until the coefficient 
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of Skempton (i.e., B-value) was equal or greater than 0.95. The specimens were 

isotropically consolidated under the initial mean effective stresses (p0') of 100, 200, or 

400 kPa for GGBFS tests and 50, 70, and 90 kPa for FA tests. The specimens were 

prepared with an initial relative density (Dr) of 20%, 40%, and/or 60%.  

The effect of different parameters such as binder contents, initial relative density, 

effective confining pressure, and curing time on strength characteristics of soil were 

investigated and the results were presented and analysed. The analysis on the effect of 

binder contents showed that increasing the binder content is effective to increase the 

ultimate deviatoric strength of sand in monotonic, cyclic and post-cyclic testing 

condition. The investigation of the effect of initial relative density showed that 

increasing the relative density is effective to increase the strength of the soil and 

increase in ultimate deviatoric strength of the soil was more apparent in binder added 

specimens in monotonic, cyclic, and post-cyclic testing conditions. The investigation 

of the effect of initial mean effective stress on GGBFS and FA amended specimens 

showed that the specimens tested under a greater initial mean effective stress have a 

lower ultimate deviatoric strength values due to suppression of dilatancy of soil. This 

behaviour was similar in all monotonic, cyclic, and post cyclic tests. As expected, the 

results also showed that increasing the curing time in FA or GGBFS amended 

specimens is effective to increase its ultimate deviatoric strength. In addition, the 

constitutive analysis based on the critical state of soil mechanics (CSSM) showed the 

correlations exist amongst monotonic liquefaction behaviour of soil and the soil 

particle shape and the FA contents.   
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1. Introduction 

1.1. Problem Statement 

Liquefaction is one of the most catastrophic phenomena in the world that happens due 

to soil loss of strength and stiffness during seismic events in a saturated soil, and its 

mitigation is of great importance. From the geotechnical engineering viewpoint, the 

liquefaction hazard can be mitigated by application of the ground improvement 

techniques. The ground improvement is a subcategory of the geotechnical engineering 

that offers different techniques to improve or to restore the strength of the soil against 

external stimuli. However, there are different ground improvement methods and 

techniques to improve the strength of soils, application of some of these techniques 

are not recommended due to the costly or their hazardous nature for the environment. 

For instance, there are a variety of soil modification (densification) techniques to 

improve the mechanical behaviour of soil and to mitigate the destructive effects of 

liquefaction, however they are highly dependent on application of the heavy 

construction machineries which impose a great amount of cost on the projects. The 

soil modification techniques such as vibro-compactions, stone coulomb, dynamic 

compaction, and compaction grouting are some of these techniques that are applied in 

soil improvement projects.  

Improvement or restoration mechanical behaviour of soil by application of additives 

is one of the most popular methods in soil improvement projects. In comparison with 

the densification techniques, application of this method is not only time saving but also 

cost effective and can be implemented with conventional construction machineries. 

The additives improve the mechanical behaviour of soil by improving the bonds 

amongst soil particles. There are a wide variety of additives, which have been used 

since many years ago. For instance, Portland cement (PC) and lime are known as two 
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traditional agents that widely have been used since many years ago in ground 

improvement projects. They are known as the most applicable additives in ground 

improvement projects, however, they are expensive and non-environmental friendly 

admixtures in comparison with other additives. For instance, it has been indicated that 

production of one tonne Portland cement (PC) causes generation of 0.95 tonne CO2 in 

the environment, 5000 MJ energy use, 1.5 tonne mineral extraction, and 0.02 waste 

disposal for the environment (Higgins 2007).  

On the other hand, developments in knowledge have led to the production of new 

materials and consequently some new by-products. One of the by-products recently 

considered for use in geotechnical engineering is the ground granulated blast furnace 

slag (GGBFS), which remains after the steel manufacturing process. Application of 

GGBFS in civil engineering projects is not only cost effective and energy saving but 

also reduces the carbon emissions and is environmentally friendly (Higgins, 2007). 

For instance, it has been indicated that production of one tonne GGBFS causes 

generation of 0.07 tonne CO2 in the environment (carbon emission), usage of 1300 MJ 

energy, no mineral extractions, and saving one tonne waste disposal (Higgins, 2007). 

The application of GGBFS has been encouraged by the ground improvement 

practitioners as it has a hydration and pozzolanic products that can improve the 

strength characteristics of soils. The fly ash (FA) also is known as another 

environmental-friendly by-product in ground improvement since it generates from 

fired coal process in electrical generation plants and has a hydration characteristic.     

1.2. Significance of Research 

Liquefaction is a common phenomenon in many parts of the world. This phenomenon 

puts on risk people’s lives, destructs the structures, and imposes many costs. On the 

other hand, the geotechnical structures such as dams, embankments, and slopes are 
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counted as the most vulnerable systems during or after a liquefaction event. Hence, 

investigations into the liquefaction mitigation practices are of great importance since 

it can save the human’s life and the millions of dollars cost of the projects. However, 

there are different techniques and methods to mitigate the destructive effects of the 

liquefaction for geotechnical structures, they are not cost effective or applicable due 

to their dangerous nature for the environment. On the other hand, thousands millions 

tonnes of by-products materials from different industry are generated each year which 

their stockpile can be costly and causes environmental hazards. Therefore, controlling 

the possibility of the application of these by-product materials in different industry is 

another urgent issue. The GGBFS and FA are two by-products from steel industry and 

power generation plants with a high production rate in Australia which have a 

characteristic like PC and lime, which evaluation of their application against 

liquefaction is topic of this study. Possibility of the application of GGBFS and FA 

against liquefaction not only can be effective to improve the strength of the 

geotechnical structures but also can be helpful to reduce the carbon footprint and the 

cost of the projects.      

 

1.3. Research Scopes and Objective 

There are different parameters which are effective in forming liquefaction strength of 

the soil. Beside of seismic strength and characteristics and from geotechnical point of 

view. The soil characteristics and applied stresses have the main role in forming 

liquefaction behaviour of a soil. The soil characteristics such as relative density and 

particle shape are the effective parameters of the soil in occurrence of the soil 

liquefaction. Beside of them, the behaviour of the soil after addition of binders and the 

effect of curing time, are the most effective parameters of the soil after improvement 
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which are required to be evaluated. In addition, the liquefaction is a phenomenon 

which can be occurred due to the fast monotonic, cyclic, or post-cyclic stresses in 

saturated soils. This phenomenon can also occur during a seismic event or up to a 

couple of hours after an actual seismic event.  

 

1.4. Thesis Organisation  

This thesis investigates the effect of the by-product binders on liquefaction behaviour 

of the soil by conducting a series of comprehensive experimental studies in nine 

chapters. A summary of the contents in each chapter listed below.    

- Chapter 1 is the introduction chapter and provide a summary of the problem 

statement, significance of the research, research scopes and objectives; 

- In Chapter 2 a background and literature review has been conducted on the 

relevant studies in this area; 

- Chapter 3 is introduced the geotechnical experimental apparatus used to 

evaluate the soil characteristics in this study;    

- In Chapter 4 the results of preliminary experimental studies on different 

binders have been presented and analysed and the selected materials have been 

introduced to conduct the main analysis in the next stage. 

- In Chapter 5, the results of undrained monotonic triaxial compression tests on 

liquefaction behaviour of the FA amended soil have been presented and 

analysed; 

- In Chapter 6, the results of undrained cyclic triaxial tests to investigate the 

effect of binders (i.e., FA and GGBFS) on liquefaction behaviour of the soil 

have been presented and analysed; 
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- In Chapter 7, the results of post-cyclic monotonic triaxial compression tests on 

liquefaction behaviour of the soil mixed with binders (i.e., FA and GGBFS) 

have been presented and evaluated. 

- In Chapter 8, the constitutive analysis based on critical state of soil mechanics 

(CSSM) have been presented for the soil shape parameters and for the soil 

mixed with FA. 

- In Chapter 9, the acquired results in previous chapters have been summarised, 

and the recommendations have been offered.     

This thesis is a comprehensive study on effect of by-product binders on improvement 

of the cyclic behvaiour of soil, and various test types have been employed in two main 

parts. The first part, is the preliminary section (i.e., Chapter 4), which contains 

performing various tests to achieve the most suitable binders and the percentage to 

step into the second part. For instance, by-product materials such as tyre chips, 

sawdust, fly ash and GGBFS were selected and the preliminary tests were conducted 

in an innovative method to select the most effective binders. Therefore, a clear goal 

has been targeted and achieved through various tests in the first part. The 

conclusions from the first stage of the experimental studies showed that the fly ash 

and GGBFS are the most effective binders amongst others, therefore, the studies 

continued two recent by-products, and in the second stage (i.e., Chapter 5, 6, 7, and 

8), the strength characteristics of the mentioned mixtures were investigated by 

performing a series of triaxial testing (Monotonic, cyclic, & post-cyclic). Therefore, a 

full set of focused experimental studies have been designed and conducted through 

this research.   
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2. Background and Literature Review 

2.1. Abstract  

Liquefaction is one of the most catastrophic phenomena in the world that happens due 

to soil loss of strength and stiffness during seismic events in saturated soils. Recent 

investigations show that the main failures for the geo-structures such as embankments, 

dams, and slopes have occurred from 2 to 24 hours after an actual seismic event (Wang 

et al. 2015a; Soroush and Soltani-Jigheh 2009). Hence, improving mechanical 

characteristics of the soil during and after a seismic event has been of great importance 

for the geotechnical practitioners. During a liquefaction event, the pore water pressure 

is generated due to the seismic loadings and application of techniques, which reduce 

the pores or produce a strong bonding characteristic amongst soil particles are effective 

methods to reduce the liquefaction hazards. The ground improvement is a branch in 

geotechnical engineering science that offers a variety of techniques that enhance the 

mechanical characteristics of soil. The techniques such as soil densification, 

reinforcement, and application of chemical additives are three categories of the ground 

improvement techniques. These techniques have been analysed and discussed in the 

following sections. Fig. 2.1 shows an example of the disastrous effects of the 

liquefaction in a tailing dam. 
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Fig. 2.1. An example of the liquefaction disastrous effects at the Saaiplaas tailings dam 

(Fourie et al. 2001). 

 

2.2. Applicable Ground Improvement Techniques in Liquefaction 

Mitigation 

The effective ground improvement methods in reducing the liquefaction hazard can be 

divided into three main techniques as physical methods, reinforcement methods, and 

application of chemical additives methods (Keramatikerman and Chegenizadeh 2015). 

Fig. 2.2 shows a more detailed categorisation of the applicable methods to reduce the 

liquefaction. In continue each method has been expanded and discussed.   
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Fig. 2.2. Classification of applicable ground improvement methods to reduce the liquefaction 

hazard  

 

2.2.1. Physical Techniques 

The physical techniques refer to changing the physical nature of soil particles by 

increasing the soil density and interlocking forces using heavy machinery such as 

vibrator, or compactor (Makusa 2012). In these methods, the soil is compacted and 

densified by displacing the pores and voids by means of a heavy pressure from external 
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stimuli. Application of an appropriate level of pressure is an important issue in this 

method since applying a high level of pressure can cause a particle breakage and losing 

the engineering properties of the soil. The physical techniques are known as expensive 

techniques since is performed by means of mechanical machinery tools. 

 

2.2.1.1. Vibro-compaction Technique  

The vibro-compaction or vibro-flotation technique is applicable for loose to medium 

dense soil. The soil around the vibrator transforms into a quick condition by 

application of mechanical vibration and supply of water simultaneously and the soil 

reaches to the densest possible state by temporarily deactivating the effective stress. 

Due to compaction of the soil in an unstressed condition, a permanent densification is 

attained for the soil. This is very effective to increase the resistance of the soil against 

additional dynamic loadings induced by external shock stresses during an earthquake 

event. The vibro-compaction is a process which increases the internal friction and 

modulus of deformation and reduced the compressibility and initial void ratio of the 

soil (Baumann and Bauer 1974). Initially, the running vibrator which is suspended 

from the rig excavates the soil by means of its weight and the water jets. In fact, it 

produces a liquefied condition for the surrounded soil and helps the soil penetrates into 

the required depth of the soil. The jetting the water into the soil is stopped at this stage 

and the compaction is commenced. The ground in the surface forms a cone-shaped 

depression because of compaction at this stage. When the power consumption reaches 

its peak, the rig brings up the vibrator for 30-50 cm and repeats the compaction process. 

The excavated hole in vibro-compaction method has a diameter in the range of 1.5 to 

3.0 m for a very fine sand to clean gravel (Baumann and Bauer 1974).         
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2.2.1.2. Stone-columns Technique  

There is a large study on application of the stone column or gravel drain technique to 

reduce hazardous impacts of the liquefaction in the literature (Seed and Booker 1977; 

Ishihara and Yamazaki 1980; Tokimatsu and Yoshimi 1980; Baez and Martin 1995; 

Boulanger et al. 1998; Adalier and Elgamal 2004 amongst others). The stone column 

technique is performed by vibro-replacement of the stones. In this method, the density 

of the surrounding soil increases and increase the potential for carrying a greater stress 

level. The water can drain in stone columns and the pore water pressure built-up is 

controlled (Adalier and Elgamal 2004).  

This method is a satisfactory technique to apply in urban areas since construction of 

the stone columns are not accompanied with noise or vibration unlike the other ground 

improvement techniques such as dynamic compaction and blasting. The stone columns 

constructs using two techniques of vibro-replacement and auger-casing. In the first 

technique, the running vibrator is inserted into the ground until the desired level by 

means of water jet and vibration power. Then, the columns are filled by stone backfills 

(i.e., gravel) and compacted by raising and lowering the running vibrator. This helps 

the gravels completely fill the column and provide a more densified condition for the 

hole and surrounding soil. The densification level in this method is a function of 

different parameters such as fine contents, soil initial density, column diameter, gravel 

shape etc. (Adalier and Elgamal 2004). A satisfactory level of densification is attained 

in construction of the stone-columns using auger-casing method since the filling and 

compacting the columns is performed using a compaction-rod system (Saito et al. 

1987; Ono et al. 1991; Oishi and Tanaka 1993).  
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2.2.1.3. Compaction Grouting Technique  

The compaction grouting technique consists of injection of a stiff slurry which is a 

combination of soil, PC, and water into the ground by means of a running vibrator. 

However, the prepared grout does not penetrate into an original soil, the injection of 

the grout causes generation of the slurry bulbs in a controlled manner, which displaces 

the surrounding soil (Boulanger and Hayden 1995). In this method, the grout pipes is 

inserted through the soil while the compaction grout is inserting into the grout pipes. 

However, the surface ground has the lowest disturbance in this method, there is little 

understanding about grouting mechanisms.      

  

2.2.1.4. Dynamic Compaction Technique  

In the dynamic compaction (DC) technique the cohesion-less soil is densified using a 

high-energy tamping by dropping a heavy mass of 10 to 40 tonnes from a height 

between 10 to 25 m onto the pre-designed point on the ground surface (Chow et al. 

1992; Feng et al. 2015). The dynamic compaction designing is mainly an empirical 

method due to the high complexity of soil behaviour under a high-energy impact. This 

technique is mainly conducted based on the experience of the ground improvement 

designer. Generally, in this method a series of pilot tests are conducted to ensure the 

designer to achieve the required parameters such as tamping weight, number of 

droppings, height to minimize the cost (Chow et al. 1992).    

The initial formula to design a DC testing was introduced by Menard and Broise 

(1975), which was a correlation between depth of improvement and impact energy per 

drop. The proposed equation was not an accurate method to estimate depth 

improvement of soil since the effect of soil type and tamping process was ignored in 

this method. This equation was modified by Lukas (1986) as follow: 
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𝑑𝑚𝑎𝑥 = 𝑛(𝑊𝐻)1/2 (2.1) 

Where, dmax= dynamic compaction improvement depth (m); W= mass of the tamper 

(tonnes); H= drop height (m); and n= empirical coefficient derived from statistical data 

which is a factor of soil type, efficiency of fall mechanism, and the impact energy.  

 

2.2.2. Soil Reinforcement 

The soil reinforcement technique has a concept similar to mechanical technique. In 

this method, the soil strength increases due to an increase in interlocking forces 

amongst soil particles and reinforcement agent. The soil reinforcement method can be 

categorised in two sub-categories of the geo-synthetics group and tyre products. As 

mentioned, the interlocking forces amongst soil particles are the main reason for 

increasing the shear strength of the soil. Fig. 2.3 shows a categorisation of the 

reinforcement method in liquefaction mitigation.  
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Fig. 2.3. Classification of soil reinforcement methods in liquefaction mitigation 

 

2.2.2.1. Geo-synthetics 

The soil reinforcement is an effective technique to improve the strength and bearing 

capacity of the soil. Application of geo-synthetics in ground improvement originated 

from the role of roots of trees in soil (Gray 1970; Waldron 1977; Wu et al. 1988). The 

geo-textiles, geo-grid, and fibres, are common types of soil reinforcement using geo-

synthetics materials. Fig. 2.4 shows an example of a type of used fibre in improvement 

of liquefaction resistance of the soil. Chegenizadeh (2012) conducted a broad range of 

ground improvement study to investigate the effect of different types of natural and 

plastic fibres in ground improvement. In another example, Noorzad and Fardad Amini 

(2014) investigated the effect of randomly distributed fibre reinforced soil by performing 

a series of cyclic triaxial tests. They indicated that liquefaction resistance and shear 
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modulus of the sand increased by addition of randomly distributed fibre. They also 

investigated the effect of fibre content and fibre length in liquefaction resistance of the 

soil. In another example, Boominathan and Hari (2002) investigated the effect of fibre 

reinforcement on the liquefaction strength of FA. They indicated that the addition of 

fibre increased the liquefaction resistance of FA due to the provision of interlocking 

behaviour and dissipating excess pore water pressure amongst FA particles. In another 

study, Vercueil et al. (1997) investigated the effect of the addition of woven and non-

woven geosynthetics with different mechanical characteristics to the sand and reported 

that the cyclic strength of the soil increased when geotextiles were included in the 

sand. Maher and Ho (1993) investigated the behaviour of fibre-reinforced cemented 

sand under cyclic loading. The results indicated that the addition of fibre improved the 

cyclic strength of the cemented sand. In another effort, Ibraim et al. (2010) investigated 

the effect of discrete flexible fibre (DFF) on monotonic undrained liquefaction of a 

loose sand susceptible to liquefaction. It was indicated that the reinforcement 

converted the soil behaviour from a strain softening into a strain hardening response 

and improved its liquefaction strength. Hamidi and Hooresfand (2013) in a similar 

study on a reinforced cemented sand indicated that the fibre reinforcement reduces the 

occurrence potential of liquefaction. Haeri et al. (2000) investigated the effect of 

geotextile reinforcement. In another case, the effect of cyclic loads on geotextile 

materials was investigated by Naeini and Gholampoor (2014). They studied the cyclic 

response of the silty sand reinforced with geotextile by performing a series of cyclic 

triaxle tests. The results indicated that geotextile inclusion led to an increase in axial 

modulus and a decrease in the ductility of the silty sand specimens.  
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Fig. 2.4. Bulk continuous filament (BCF) as a typical geo-synthesis used in soil 

reinforcement (Chegenizadeh et al. 2018a) 

 

2.2.2.2. Scrap Tyre  

Nowadays, along with development and diversity of products manufactured by 

companies, there are a variety of by-product materials available that have a potential 

of application in ground improvement projects. The scrap tyre disposal has been 

indicated as a growing issue in different parts of the world, in particular in Australia. 

There are two main technologies to manufacture crumb tyres, which are known as 

ambient grinding and cryogenic procession. In the first method, the crumb tyre is 

produced after passing through three main steps to purify the tyre from metal and fabric 

components. In the first stage, the feedstock is shredded to the small particles, and then 

in the second stage, the machine purifies the rubber from metals and fabric by grinding 

the small particles, and in the final stage, a finishing mill grinds the products based on 

the requirements of design. In the cryogenic processing method, the tyre chips are 

freezing to the level of -80ºC using a liquid nitrogen before downsizing. This process 

causes the tyre chips have a brittle characteristic, which is helpful in downsizing 
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process in the next stage (Scrap Tire News 2017). Fig. 2.5. shows two types of crumbed 

and powdered scrap tyres after the grinding process.   

 

Fig. 2.5. powdered and crumbed recycled tyres produced from scrap tyre in different 

industries 

 

2.2.2.2.1. Scrap Tyre in Australia  

It has been estimated that over 285 million of tyres scrapped each year and about 300 

million stockpiled until 2001 (Vashisth et al., 1998; Rubber Manufacturers 

Association, 2002; Edil et al., 2004). Some other studies indicate that approximately 

52.5 million tyres are disposed in Australia each year, of which only 13% are being 

recycled (SITA 2016). The major portion of these tyres is stockpiled or deposited in 

landfill sites which can have a significant impact on the environment. The scrap tyre 

is obtained from three main sources of passenger tyres, truck tyres, and off-the-road 
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(OTR) tyres. The passenger tyres consisted of conventional cars, motorcycles and 

caravan. The truck tyres include the tyres of buses, commercial vehicles, trailers, and 

fire fighting vehicles, and the OTR tyres are the vehicles, which are used in the 

agricultural, construction and mining areas (Hyder 2012).  

 

2.2.2.2.2. Review on Application of Recycled Tyres 

While the majority of recycled tyres is used in the construction industry, there is still 

a substantial potential for application of tyres in geotechnical engineering projects. 

Several studies have investigated applications for recycled tyres in the construction 

and pavement industries (Bosscher et al. 1997; Raghavan et al. 1998; Hernández-

Olivares et al. 2007; Huang et al. 2007). Recently, application of recycled tyre chips 

(RTC) has been considered by researchers in geotechnics science (Towhata, 2008; 

Kaneko et al., 2012; Hong et al., 2015; Mashiri et al., 2016). For instance, Mashiri et 

al. (2016) investigated effect of tyre chips on sand and indicated that addition of tyre 

chips in a range of 20% to 40% increased the cyclic strength of the sand. It was 

reported that addition of tyre chips up to 10% has no effect on liquefaction resistance 

of the sand and addition of the tyre chips in a range of 30% to 33% is very effective to 

improve the liquefaction resistance (Mashiri et al., 2016). In another example, Hong 

et al. (2015) investigated cyclic strength of the Christchurch sand by addition of the 

40% (by volume) tyre chips. They observed that addition of the tyre chips decreased 

liquefaction resistance of the sand and argued that it is due to deformability property 

of the tyre and weakness in absorbing the energy of compaction (Towhata, 2008). The 

seismic characteristics of sand mixed with rubber was investigated by Kaneko et al. 

(2012). They reported that tyre chips either mixed with sand or as a separated layer of 

material reduced the generation of excess pore water pressure, leading to an increase 
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in liquefaction resistance (Kaneko et al., 2012). They recommended placing a layer of 

tyre chips at the bottom of the sand layer as a more effective means of preventing 

liquefaction than sand mixed with the same percentage of tyre chips (Kaneko et al., 

2012). In another case, Towhata (2008) substituted shredded tyre chips with cement in 

a mixture with sand as a backfill material in a pipeline trench project and carried out a 

simulation using a shaking table model to investigate the liquefaction resistance of the 

new mixture. He recommended its application as it was cost effective and decreased 

susceptibility to liquefaction (Towhata, 2008). Uchimura et al. (2007) used a shaking 

table to study effect of the cyclic strength of the tyre treated sand. They reported that 

tyre chips increased the liquefaction strength of the sand. They validated the results by 

performing a series of cyclic triaxial tests. Youwai and Bergado (2003) reported that 

addition of the tyre chips increased the cyclic strength of the sand and reduced its 

vertical deformation. It was reported that this behaviour is more pronounced when the 

used tyre chips is more than 30% (Youwai and Bergado, 2003). Neaz Sheikh et al. 

(2012) reported that the addition of the tyre chips increased the vertical strain and 

reduced the shear strength of the soil. It was noted that increasing the size of tyre chips 

is effective to improve the shear strength of the sand. It was also reported that 

increasing the confining pressure increased the shear strength and vertical 

displacement of the soil (Neaz Sheikh et al., 2012). Hazarika et al. (2010) carried out 

a similar study using tyre chips and sand mixtures to investigate the liquefaction 

resistance of soil as a backfill material in pipelines, based on undrained cyclic shear 

tests and a model shaking table test, reported that the application of 50% tyre chips 

was very effective in reducing the liquefaction capacity of the sand.  
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Recycled tyres also have great potential for use in ground improvement projects (Lee 

et al. 1999; Consoli et al. 2001; Akbulut et al. 2007). For instance, Patil et al. (2011) 

studied the effect of adding crumbed recycled rubber to clay specimens to control 

swelling. They noted that crumbed recycled rubber was useful for controlling the 

swelling behaviour of the specimens. In another example, Özkul and Baykal (2007) 

investigated the effect of fibrous rubber on clay. The results showed an increase in 

peak shear strength up to a certain normal load (300 kPa), after which shear strength 

decreased. Neaz Sheikh et al. (2012) investigated the effect of tyre addition on shear 

strength and compressibility of the soil. They indicated that addition of tyre crumb to 

the soil caused a reduction in shear strength characteristics of the soil and remarkable 

axial strain was recorded for the mixture due to its ductility capacity. The results also 

indicated that the preloading can be effective to reduce the settlement. Li et al. (2016) 

investigated dynamic behaviour of two sizes of rubber crumb mixed with soil by 

performing a series of cyclic triaxial and resonant column tests. It was indicated that 

the liquefaction resistance of the soil increased by increasing the tyre content and size. 

Moreover, the damping ratio was slightly higher at low stress pressure. Guleria and 

Dutta (2011) investigated unconfined compressive strength of three types of the tyre 

chips in dry, sodium hydroxide, and carbon tetrachloride treated conditions mixed with 

FA, lime, and gypsum. The specimens were cured at four curing times (i.e. 7, 28, 90, 

180 days) and three curing methods of desiccator, burlap, and water-filled container. 

Results showed that carbon tetrachloride and sodium hydroxide treatment are effective 

to increase the UCS strength of the benchmark mixture. It was also indicated that 

curing method using water-filled container and burlap desiccator is the most effective 

methods to increase UCS strength of the soil. The specimens showed the maximum 

UCS values after 90-day curing period. Priyadarshee et al. (2015) investigated shear 
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strength and compaction behaviour of the tyre crumble in combination with FA and 

kaolinite clay. Results indicated that addition of the tyre crumbles to clay and FA 

caused a reduction for the maximum dry density and increased the optimum moisture 

content (OMC) of the clay. However, no significant changes were recorded for the FA. 

It was also concluded that the mixture of tyre with FA has more resistance against 

applied load. The CBR behaviour of the tyre-clay mixture improved 5 times, whereas 

the tyre-FA mixture improvement was 3 times greater than its benchmark mixture. It 

should be considered that the cost of tyre is a function of its size, meaning that shredded 

and powdered recycled tyres are more expensive than the other types.  

 

2.2.3. Chemical Additives 

The third method in ground improvement is performed by application of chemical 

additives into the soil to improve its strength and durability properties. The applied 

additives usually have a hydration and pozzolanic characteristics, which provide bonds 

amongst soil particles and increase the soil strength characteristics. Portland cement 

(PC) and lime are two popular chemical agents which world widely apply in 

geotechnical engineering projects. The chemical agents are divided into two main 

groups of environmental friendly non-environmental friendly products. A schematic 

categorisation of the applicable ground improvement techniques have demonstrated in 

Fig. 2.6. As shown, the chemical agents are divided into two main categories of non-

environmental friendly and environmental friendly agents. However, the traditional 

additives are effective agents and have been used since many years ago, they are 

expensive and not environmental friendly products. In contrast, the non-traditional 

additives, are by-product of other industries. Hence, they are cheap products and their 
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application can help to reduce their stockpile and accordingly reduce the carbon foot 

print. Following sections discuss more the traditional and non-traditional additives. 

 

Fig. 2.6. Classification of chemical additives application in liquefaction mitigation 

  

2.2.3.1. Traditional Additives 

2.2.3.1.1. Lime  

The use of lime for stabilisation has also been of interest to many researchers. 

Reference (Celauro et al. 2012) studied the design procedure for lime stabilisation in 

road and pavement engineering. From a geological perspective, relating to 

microstructure and the addition of lime, long-term stability of lime stabilised gypsums 

soils was studied by conducting wet and dry cycles on the mechanical treatment of a 

fine soil with different gypsum doses (Aldaood et al. 2014a). Reference (Aldaood et 
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al. 2014b) also studied performance of freeze and thaw cycles on gypsum soil 

stabilised by lime. A constant rate of 3% of lime and 28 days curing at 20°C were 

applied to mentioned studies. In another case, performance of tyre cord on mechanical 

properties of lime stabilised and unstabilised clayey soil were studied (Jafari and Esna-

ashari 2012). 

Vakili et al. (2015) investigated the effect of sodium silicate on the shear resistance of 

clay. They used the same method as previous researchers and observed that the 

addition of sodium silicate to soil is not an appropriate option.  

However, lime (CaO) is known as the most applicable agent in pavement projects (Bell 

1996; Prusinski and Bhattacharja 1999; Eades and Grim, 1960) especially in 

improvement of a clayey subgrade (Petry and Little, 2002).  

Addition of lime to a clay soil system containing water results in hydration, cation 

exchange and pozzolanic reactions. The lime absorbs the moisture of the soil and 

becomes hydrated lime(𝐶𝑎(𝑂𝐻)2) through a rapid reaction that produces a large 

amount of heat through the hydration process. This reaction is illustrated in equation 

(1) (Kitazume and Terashi 2013). 

𝐶𝑎𝑂 + 𝐻2𝑂 →  𝐶𝑎(𝑂𝐻)2 + 15.6 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 (2.2) 

The hydrated lime dissolves into the existing pore water and increases the 

concentration of calcium (Ca2+) and hydroxyl (𝑂𝐻)−1 ions (See equation (2)). Then 

cation exchange occurs between the ions of the clay grains and the calcium ions of the 

lime on the surface of the clay minerals (Bell 1996). 
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𝐶𝑎(𝑂𝐻)2 →  𝐶𝑎2+ + 2 (𝑂𝐻)−1 (2.3) 

The Ca2+ and (𝑂𝐻)−1 ions react with Al and Si minerals in the clay particles while 

they are in the pore water and undergo pozzolanic reactions and generate hydration 

products such as calcium aluminate hydrate (CAH), calcium silicate hydrate (CSH), 

and calcium aluminium silicate hydrate (CASH). These hydration products play the 

main role in soil stabilisation by lime. Equations (3), (4) and (5) show the generation 

of hydration products (Bell 1996; Al-Mukhtar et al. 2012).  

𝐶𝑎2+ + 2 (𝑂𝐻)−1 + 𝐴𝑙2𝑂3 →  (𝐶𝐴𝐻) (2.4) 

𝐶𝑎2+ + 2 (𝑂𝐻)−1 + 𝑆𝑖𝑂2 →  (𝐶𝑆𝐻) (2.5) 

𝐶𝑎2+ + 2 (𝑂𝐻)−1 + 𝐴𝑙2𝑂3 →  (𝐶𝐴𝑆𝐻) (2.6) 

Fig. 2.7. and 2.8 show a typical scanning electron microscopic (SEM) view of the lime 

and ordinary Portland cement (OPC) respectively. Lime has hydration and pozzolanic 

characteristics similar to Portland cement (PC). In addition, the processes associated 

with production of this additive are hazardous for the environment in terms of carbon 

emissions and energy consumption (Higgins 2007, Yi et al. 2013). For instance, 

European commission (2013) reported that the major environmental concerns 

associated with lime manufacturing are consumption of a high amount of energy and 

major air pollutions. Another report raised same issues and indicated that lime 

production process accompanies with generation of toxic elements such as arsenic, 

lead, mercury, nickel, etc. These toxic elements put the public health at risk (EPA 

2004). 

In addition, although the application of lime enhances the engineering properties of 

soil to a certain extent, there are also some deficiencies. For instance, lime stabilisation 

has been shown to decrease the plasticity of the soil (Clare and Cruchley 1957) and 
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lead to fragile collapse characteristics in specimens that rapidly lost strength at the time 

of failure (Sabry et al. 1996). Therefore, the application of other additives such as fibre 

along with the lime to reduce its contribution or partial or full replacement of the lime 

with more environmentally friendly products has been encouraged by many 

researchers (Cai et al., 2006; Wild et al. 1998; 1999; James et al. 2008; Oti et al. 2014; 

Yi et al. 2015).  

There is a huge body of literature by various researchers on soil stabilisation 

techniques using traditional chemical additives such as Portland cement (PC), lime, 

and bitumen. For instance, Celauro et al. (2012a) and (2012b) reviewed design 

methodology for lime stabilised soils, and proposed changes in Italian standards to be 

matched with European standards in terms of employing lime in soil stabilisation. 

Hashemi et al. (2015) investigated characteristics of lime on clayey soil stabilisation 

by considering the changes that happen in microstructures of the specimens during 

curing time. They observed that lime reinforced and distributed into the materials 

within the first week.  
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Fig. 2.7. A typical scanning electron microscopy (SEM) of the lime 

 

Fig. 2.8. A typical scanning electron microscopy (SEM) of the ordinary Portland cement 

(OPC) 
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2.2.3.2. Non-traditional Additives 

However, application of traditional agents such as Portland cement (PC) and lime 

improves the engineering behaviour of soil, their application and production process 

accompanies with the hazards for the environment and human. As such, new studies 

conducted to reduce contribution of these harmful products and substitute them with 

eco-friendly products (Keramatikerman et al. 2016; Vakili et al. 2016). 

 

2.2.3.2.1. Ground Granular Blast Furnace Slag (GGBFS) 

The ground granulated blast-furnace slag (GGBFS) is a by-product from the steel 

industry, and application of this material is a common practice in ground improvement 

projects as it improves the durability, sulphate and chloride resistance. The GGBFS 

also provides protection against alkali silica reaction. This product has a hydration 

phases very similar to the PC. For instance, generation of the ettringite, calcium silicate 

hydrate (C-S-H), calcium aluminium hydrate (C-A-H), and calcium aluminium silicate 

hydrate (C-A-S-H) are similar to PC. Fig. 2.9. shows a typical scanning electron 

microscopic (SEM) view of the GGBFS. 

Higgins (2007) compared environmental impacts of the GGBFS and PC and indicated 

that production of 1 tone PC led to generation of 0.95 tone CO2 in the environment, 

5000 MJ energy use, 1.5 tone mineral extraction, and 0.02 waste disposal, whereas 

production of the 1 tone GGBFS led to generation of 0.07 tone CO2 in the environment 

(carbon emission), usage of 1300 MJ energy, no mineral extractions and saving 1 tone 

waste disposal.    

Developments in knowledge have led to the production of new materials and 

consequently some new by-products. One of the by-products recently considered for 
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use in geotechnical engineering is ground granulated blast furnace slag (GGBFS), 

which remains after the steel manufacturing process. Application of GGBFS in civil 

engineering projects is not only cost effective and energy saving but also reduces the 

carbon emissions and is environmentally friendly (Higgins 2007). Stabilisation clay 

using GGBFS has been subject of some recent studies (Vakili et al. 2016; Yi, et al. 

2013). For instance, James et al. (2008) investigated effect of the GGBFS on a lime 

treated clay and concluded that addition of GGBFS for a fixed proportion of the lime 

caused an increase in production of the pozzolanic products and greater values of the 

unconfined compressive strength. In another study, Nidzam and Kinuthia (2010), 

indicated that application of the GGBFS, improves the engineering properties of the 

soil including strength, durability and its resistance to swelling. They also highlighted 

that application of the GGBFS has a lower environmental impact and is more cost 

effective in compare with other additives when applies as a soil stabiliser. Wild et al., 

(1999) indicated that the partial substitution of the lime with GGBFS to a certain 

amount, significantly reduced the sulphate expansion associated with sulphate bearing 

clay soil.   

Some researchers have employed GGBFS along with lime in their studies. For 

instance, Yi et al. (2015) partially substituted quick lime and hydrated lime with 

GGBFS and compared the effect on mechanical and microstructural properties in the 

stabilisation of marine clay, reporting that the unconfined compressive strength (UCS) 

of the hydrated lime activated GGBFS was slightly better than for quick lime activated 

GGBFS. 

In another study, Wild et al. (1998) investigated the effect of partial replacement of 

lime with GGBFS in a clay soil stabilisation including sulphate. They reported that 

with regard to long-term effects, the stabilisation of clay using more GGBFS and less 
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lime is very effective. When the percentage of GGBFS is lower and lime is higher, the 

addition of the gypsum is very effective for soil stabilisation. For short-term soil 

stabilisation, the addition of more GGBFS and less lime with gypsum was more 

effective due to acceleration of the hydration process.  

The addition of some other by-product materials such as slags were used widely by 

many researchers. For instance, Vakili et al. (2015) in a comprehensive experimental 

study using a direct shear device investigated the effect of slag on clay stabilisation 

and reported that slag is an appropriate agent to stabilise clay.  

Goodarzi and Salimi (2015), using a series of experimental tests, figured out the effect 

of granulated blast furnace slag to stabilise dispersive clayey soil. It was reported that 

employing slag is very effective to solve the depressiveness of the soil.  

 

Fig. 2.9. Scanning electron microscopy (SEM) of the ground granulated blast furnace slag 

(GGBFS)  
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2.2.3.2.2. Fly Ash (FA) 

Fly ash (FA) is a fine and grey by-product materials which is generated from fired coal 

in electricity power stations. It has a well-rounded shape and has some characteristics 

which encourage the practitioners to use it in ground improvement projects. There are 

two types of the fly ash in the market. Both fly ash class F and class C mainly contain 

silicone dioxide (SiO2) and lime (CaO), however the amount of lime in fly ash class C 

is more abundant. Fly ash class F has a pozzolanic characteristics, generated from the 

burned old coals, and requires mixing with another cementitious agent such as cement. 

In contrast, the fly ash class C generated from the burned younger coals, and has a self-

cementing characteristics as well as pozzolanic characteristics, and does not need an 

activator when for application (Civil Engineering World Blogspot, 2018). Fly ash type 

F has a more availability in Australia, and therefore is of interest to this study.  Fig. 

2.10. shows a typical scanning electron microscopic (SEM) view of the fly ash class 

C.   

Previous studies investigated the effect of FA in ground improvement (Horpibulsuk et 

al. 2011: 2009; Prabakar et al. 2004 amongst others). Recently, FA has been 

considered by many researchers as an effective ground improvement agent. For 

instance, Keramatikerman et al. (2017) investigated the effect of FA stabilisation in 

the liquefaction resistance of sand. They indicated that the FA is effective to increase 

the cyclic strength of soil. In fact, FA is a by-product material that increases the 

reactive surfaces of the soil particles and promotes hydration and pozzolanic reactions 

(Horpibulsuk et al 2011). Cokca (2001) investigated the effects of different 

percentages of FA on expansive soil and concluded that FA successfully stabilises this 

soil. He used the free swell testing method and reported the effect of stabilisation on 

swelling potential.  
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Dermatas and Meng (2003) investigated the effect of FA on the stabilisation of 

contaminated soil. They employed scanning electron microscopy (SEM) to analyse the 

microstructures and summarised that mechanical properties of the soil increased by 

applying FA.  

Kolias et al. (2005) investigated the effect of FA and cement on clayey soil. They 

calculated the modulus of elasticity by applying various stresses after 90 days. They 

reported an increase in soil strength using FA and cement to stabilise clayey soil. Non-

traditional additives is the second group in the chemical additive category as defined 

by Chegenizadeh and Keramatikerman (2015).  

Yencho et al. (2013) studied the effect of preserved FA in liquefaction, and they 

performed a significant number of cyclic triaxle tests by considering the effects of 

confining stresses, density and cyclic ratio. They did not find a relation between dry 

density and the probability of liquefaction. All of the above-mentioned literatures have 

been performed in the laboratory and using cyclic triaxle and repeated loading triaxle 

tests. To date, very little is known about cyclic behaviour of soil once it becomes 

stabilised, and therefore this research intends to study this very important issue. To 

remedy this major deficiency in the soil stabilisation area, experimental studies 

according to the above-mentioned literature will be employed and will be verified by 

numerical modelling. 
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Fig. 2.10. A typical scanning electron microscopy (SEM) of the fly ash (FA) class C. 

 

2.3. A Critical Review on Similar Studies  

Liquefaction is a state that saturated soil losses the strength and stiffness during a seismic 

or static loading event. Application of a triaxial testing device is a common method to 

assess the liquefaction behaviour of the soil in laboratory. A pore water pressure ratio 

equal to the unity represents a full liquefaction state. In fact, this is a condition that the 

pore pressure is equal to the confining pressure. Fig. 2.11 illustrates a schematic 

overview of a monotonic and cyclic test using a triaxial device. 
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Fig. 2.11. A schematic overview of a triaxial monotonic, cyclic, and post cyclic triaxial 

tests. 

 

Many studies have been conducted to investigate effect of various additives to improve 

liquefaction resistance of the soil using experimental devices. For instance, Clough et 

al. (1989) investigated the effect of cementation on liquefaction behavior of sand by 

performing a series of triaxial and cubical cyclic shear tests. To do so, they modified 

an originally monotonic cubical cyclic shear apparatus to a dynamic device model to 

model the seismic loadings.  

They focused their studies on unit weight and the level of cementation and indicated 

that cemented sand has a liquefaction resistance greater than un-cemented sand. It was 

also mentioned that increasing both unit weight and percentage of cementation 

increase the liquefaction resistance, however, when the cementation content reaches 

to a specific percentage, it reduces the effectiveness of the unit weight. They also 

investigated the relation of the unconfined compressive Strength (UCS) of the 
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cemented sand with liquefaction and concluded that when the UCS value is greater 

than 10 t/m2, the soil does not liquefy. 

In a similar study on liquefaction resistance of an artificially cemented sand using 

cyclic triaxial resonant column tests by Saxena et al. (1988), effect of cement content, 

curing time, relative density, and effective confining pressure were investigated. They 

indicated that the liquefaction resistance increased when a low percentage of cement 

was added into the specimens. It was also concluded that the liquefaction resistance of 

the cemented sand increased by increasing the curing period and relative density. 

In another study, Maher et al. (1994) investigated the effect of grouting on liquefaction 

resistance of the sand by performing a series of consolidation drained (CD) and 

consolidation undrained (CU) cyclic and monotonic triaxial tests. They investigated 

the effect of parameters such as grouting types (i.e., sodium silicate, acrylate polymer 

gel, and micro-fine cement), curing periods, void ratios, and cyclic stress ratios (CSR). 

It was indicated that application of grouting gels is effective to improve liquefaction 

resistance of the sand. It was also indicated that increasing the liquefaction resistance 

due to curing time relates to the type of used grouting gel. For instance, for case of the 

sodium silicate or acrylate polymer, maximum resistance was recorded after first 14 

days curing period, and no remarkable increase in liquefaction resistance was recorded 

after 60 days curing period. However, for the case of micro-fine cement the recoded 

maximum liquefaction resistance was up to 28 days curing period. The results showed 

that increase in confining pressure caused a greater strength and accordingly a higher 

liquefaction resistance. They added that increasing the grouting content improved the 

liquefaction resistance of the sand however, it increased the brittleness and fragility of 

the specimens from the other side. 

In another study, Liao et al. (2003) investigated the effect of colloid silica grouting on 
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liquefaction resistance of the sand by performing a series of cyclic triaxial tests. They 

indicated that despite of low strength of the used grouting gel, grouted sand has a 

greater resistance against liquefaction in comparison with control specimen. It was 

also mentioned that in case of an un-grouted sand a sudden axial stain was recorded 

immediately after liquefaction, however this deformation was gradual in case of a 

grouted sand. 

Only some limited studies investigated the effect of innovative materials on liquefaction 

behavior of soil. For instance, Boominathan and Hari (2002) investigated the effect of 

reinforcement (i.e., randomly distributed fibers) on fly ash by performing a series of 

stress-controlled triaxial tests. They investigated the effect of relative density, effective 

confining pressure, aspect ratio of the fiber, and cyclic stress ratio (CSR) on liquefaction 

resistance of fly ash. They concluded that the reinforced specimens have a greater 

resistance against liquefaction in lower confining pressure. They also indicated that 

increasing the reinforcement agent improved the liquefaction resistance when the 

specimens were prepared at a lower relative density. It is mentioned that 2% fiber is the 

most effective amount to reduce the effect of liquefaction (Boominathan and Hari 

2002). 

In another study, Maher and Ho (2014) investigated the effect of fiber reinforcement on 

monotonic and cyclic loadings by performing a series of triaxial and splitting tension 

tests. Results showed that addition of reinforcement agent increases both cyclic strength 

and tensile strength of the specimens. 
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In another study on reinforcement additives, Noorzad and Fardad Amini (2014) 

investigated the effect of randomly distributed soil on liquefaction strength of the sand. 

Similarly, they concluded that presence of the reinforcement agent is effective to 

improve liquefaction resistance of the Babolsar sand.  

In another similar study, Maheshwari et al. (2012) investigated the liquefaction 

resistance of the sand reinforced by geogrid, and two types of fiber using shaking table 

tests. They recorded a reduction in the maximum pore water pressure ratio of the 

specimens when the fibers or geogrid were added into the soil. More reduction was 

recorded when more additives were added into the soil. 

Uchimura et al. (2007) investigated the effect of tyre chips on liquefaction resistance 

of sand as a backfill material in case of a buried pipe by performing a series of cyclic 

triaxial and shaking table tests. They concluded that addition of tyre chips in sand is 

effective to improve liquefaction resistance of a buried pipe and reduces the uplifting 

problem. Similarly, it was mentioned that increasing the relative density in tyre treated 

specimens is effective to improve liquefaction resistance of the sand. 

The literature review on past studies on improvement of the liquefaction resistance of 

soil shows that most of the investigations have been conducted on traditional agents such 

as cement. Also, the literature review shows that previous studies mainly applied 

reinforcement agents to improve the liquefaction resistance of the soil, and no study has 

considered effect of other innovative materials on liquefaction resistance of the soil.  
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2.4.  Conclusions  

A liquefaction event can be controlled or less destructive if the ground improvement 

techniques applies before its occurrence. A series of applicable ground improvement 

techniques to mitigate liquefaction were reviewed and discussed. These methods are 

physical methods, reinforcement and application of chemical additives. The physical 

techniques refer to changing the physical nature of soil particles by increasing the soil 

density and interlocking forces using heavy machinery such as which usually are 

expensive techniques. The soil reinforcement technique has a concept similar to 

mechanical technique since the soil strength increases due to an increase in 

interlocking forces amongst soil particles and reinforcement agent. The soil 

reinforcement method was categorised in two sub-categories of the geo-synthetics 

group and tyre products. It was determined that the third method in ground 

improvement is performed by application of chemicals additives into the soil to 

improve its strength and durability properties. The applied additives usually have a 

hydration and pozzolanic characteristics, which provide bonds amongst soil particles 

and increase the soil strength characteristics. Portland cement (PC) and lime are two 

popular chemical agents with a broad range of application in geotechnical engineering 

projects. The chemical agents are divided into two main groups of environmentally 

friendly and non-environmentally friendly products. The literature review showed that 

most of the investigations on liquefaction mitigation have considered the effect of 

reinforcement techniques and rarely studies investigated the effect of additives on 

liquefaction strength of the soil. Although, Portland cement (PC) and lime are effective 

agents, they are expensive, and their application is hazardous for the environmental. 

Hence, application of the environmental friendly additives has been encouraged. The 

ground granulated blast-furnace slag (GGBFS) and fly ash (FA) are by-products from 
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the steel and fired coal industry respectively with hydration and pozzolanic 

characteristics similar to lime. They are eco-friendly additives and can reduce the 

carbon foot print. Therefore, their applications have been encouraged by researchers 

in ground improvement.  

Table 2.1. shows a summary of the conducted studies on improvement of the cyclic 

resistance of soil using different agents. As shown, past studies on improvement of the 

liquefaction resistance of soil conducted to investigate the effect of traditional agents 

such as cement and geotextile, and no study has considered effect of other innovative 

materials on cyclic resistance of the soil. Therefore, current study on improvement of 

the cyclic behaviour of soil using by-product agents is a gap in the literature, and is a 

broad and novel area of research  

 

Table. 2.1. main studies conducted on improvement of the liquefaction resistance of soil 

using different agents   

No. Reference Used by-product agent 

1 Chegenizadeh et al. (2018a) Bulk continuous filament (BCF) 

2 Mashiri et al. (2016) Tyre chips 

3 Hong et al. (2015) Tyre chips 

4 
Noorzad and Fardad Amini 

(2014) 
Randomly distributed fibre 

5 Naeini and Gholampoor (2014). Geotextile 

6 Hamidi and Hooresfand (2013) Reinforced cemented sand 

7 Maheshwari et al. (2012) Geogrid 

8 Kaneko et al. (2012) Rubber 

9 Neaz Sheikh et al. (2012). Tyre chips 
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10 Maheshwari et al. (2012) Geogrid 

11 Ibraim et al. (2010) Discrete flexible fibre (DFF) 

12 Towhata (2008). Tyre chips 

13 Uchimura et al. (2007) Tyre chips 

14 Liao et al. (2003) Colloid silica grouting 

15 Boominathan and Hari (2002) Fibre 

16 Haeri et al. (2000) Geotextile reinforcement. 

17 Vercueil et al. (1997) 
Woven and non-woven 

geosynthetics 

18 Maher et al. (1994) Grouting 

19 Maher and Ho (1993) Fibre-reinforced cemented 

20 Clough et al. (1989) Cementation 

21 Saxena et al. (1988), Cement content 
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3. Applied Experimental Devices 

3.1. Introduction 

A variety of experimental devices are applicable to evaluate the soil behaviour and the 

particle interaction at different testing conditions. From an overall point of view and 

according to the purpose of the analysis, these experimental devices can be divided 

into two main groups of micro-structural analysis devices and geotechnical 

experimental devices. The microstructural analysis devices are mainly focused on the 

particle interactions in the micro level and can be used for evaluation of the soil 

particles and constituent minerals before and after geotechnical experimental. On the 

other hand, the geotechnical experimental devices are focused on overall behaviour of 

a soil system which is known as the specimen and have been prepared based on the 

special requirements. In compare with in-situ testing, the experimental investigation 

of the soil behaviour is an inexpensive and reliable way to simulate the soil condition 

similar in real condition. There are a wide variety of experimental devices which are 

applicable to evaluate the soil strength under different stress conditions. This chapter 

briefly introduces the apparatuses used to evaluate the micro-structural and mechanical 

behaviour of soil used in this study.     

 

3.2. Geotechnical Experimental Devices 

The experimental apparatus has a key role to simulate the different soil and materials 

loading conditions in geotechnical engineering. They are reliable and cost-effective 

methods to investigate the soil mechanical characteristics in comparison with the in-

situ testing. However, there are a wide range of geotechnical experimental apparatuses, 

each device is manufactured to simulate a specific testing condition.     
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3.2.1. Direct Shear Device 

A direct shear device is used to evaluate the shear strength of the soil. The tests can be 

performed on disturbed or undisturbed specimens. The sample holder consisted of two 

parts of the upper halves and the downer halves which hold the sample within a shear 

box. The upper halve is pulled of horizontally until the sample failure is occurred. 

During the testing, a desired loading is vertically applied to the specimen to simulate 

the overhead weight in a real condition. If the direct shear testing is conducted in a 

fully saturated condition, selection of the shearing rate is very critical since it might 

lead to generation of the pore water pressure at higher shearing rates. The data 

recording should be stepwise and be performed in similar intervals to have a uniform 

and reliable results. Fig. 3.1 shows sample container of a direct shear device and Fig. 

3.2 shows a direct shear testing device used to conduct the tests.   
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Fig. 3.1. The sample container in direct shear test  

 

 

Fig. 3.2. A direct shear testing apparatus used to conduct the tests in this study 
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3.2.2. Ring Shear Device 

A ring shear device is used to evaluate the residual shear strength of soil. The ring 

shear device has an annular sample container which an upper ring is placed on top of 

the soil to simulate the overhead weight and rotates. The ring shear device can be 

sheared unlimitedly and uni-directionally. The sample preparation in ring shear device 

is very important since it may cause the upper ring slightly tilt over and the loading 

applies non-uniformly on samples. Another problem which ring shear devices are 

facing is the wall friction, and sample extrusion during the tests which can be reduce 

by selecting an appropriate level of hearing rate. Fig. 3.3 shows a Bromehead ring 

shear device used in this study to conduct the tests. In addition, Fig. 3.4 shows a 

prepared sample in a ring shear container. 

 

Fig. 3.3. A Bromhead ring shear device used to conduct the tests 
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Fig. 3.4. A prepared sample in the container in the ring shear device  

 

3.2.3. Oedometer Apparatus 

An oedometer device is used to evaluate the settlement and drainage behaviours of the 

soil under a series of sequential one-dimensional loading condition in a real condition. 

Both the disturbed or undisturbed specimens can be used for consolidation testing. 

Two porous stones with a filter paper are placed on top and underneath of the sample 

holder (i.e., a relatively small steel ring) to simulate the drainage condition from the 

sample. The consolidation is a time-dependent process and an appropriate time is 

required to be considered for completion of each loading sequence. Fig. 3.5 shows a 

prepared sample inside of the consolidation ring and container. Furthermore, Fig. 3.6 

shows an oedometer device.   
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Fig. 3.5. A prepared sample in the container in the ring shear device  

 

 

Fig. 3.6. An oedometer device to measure the consolidation of the sample 
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3.2.4. Unconfined Compressive Strength (UCS) Test  

The unconfined compressive strength test is a quick way to evaluate the compressive 

strength of the soil. This test is not applicable for cohesion-less and coarse grained 

soils. The results of this test are used in stability analysis for the slopes and 

embankments. The cylindrical specimens with an aspect ratio of 2 are prepared to 

conduct the UCS testing. Fig. 3.7 shows a sample in a UCS testing device.    

 

Fig. 3.7. A cylindrical sample in a UCS testing device  

 

3.2.5. Triaxial Testing Device 

A triaxial testing apparatus is a comprehensive and advanced device to evaluate the 

shear strength and stiffness of the different types of soils. The ability of this device to 

control the pore water pressure and drainage of the specimens privilege this device in 

compare with similar devices such as direct shear or ring shear to measure the shear 
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strength of the specimens. Fig. 3.8 shows a typical cyclic triaxial testing machine and 

its components. The triaxial testing is consisted of three main stages of saturation, 

consolidation, and shearing stages. There are three types of the triaxial testing which 

consisted of unconsolidated undrained test (UU), consolidated undrained test (CU), 

and consolidated drained test (CD) (GDS 2013). The UU testing condition is a quick 

way to evaluate the undrained shear strength of the soil. The CU testing condition is 

the most applicable type of triaxial testing. To saturate the sample two actions are taken 

to ensure the pores amongst soil particles are filled with water. Firstly, a vacuum 

pressure is applied into the specimens to remove the air and draw water toward the 

drainage line, and secondly, by a constant increase of cell pressure and pore pressure. 

The consolidation stage is initiated by increasing the cell pressure while the pore 

pressure is maintained constant. This process is continued until the volumetric strain 

of the specimens are not significant. The CD testing condition is a time taking test that 

is used to simulate long-term loading condition and provide the data. 
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Fig. 3.8. Gecomp cyclic triaxial device used to perform the tests in this study 

 

3.2.5.1. Stress State in Triaxial Testing  

During triaxial testing, the confining pressure (σc) is simulated by pressurising the 

specimen using a fluid in the triaxial cell. The confining pressure is equal to radial 

stress (σr) or minor principle stress (σ3). In addition, the deviatoric stress (q) is 

generated by applying the actuator in the vertical direction and the axial strain (εa) is 

recorded using an automated dial gauge. The combination of deviatoric stress (q) and 

confining pressure (σc) is equal to axial stress (σa) or major principal stress (σ1). If 

testing condition is in isotropic state when σ1= σ3 and is in anisotropic state when σ1≠ 

σ3. Fig. 3.9 shows an overview for stress-strain (q-p') and pore water pressure ratio (ru-εa) 

phases in triaxial tests. 
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Fig. 3.9. Schematic overview for stress-strain (q-p') and pore water pressure ratio (ru-εa) 

phases in triaxial tests  

 

3.2.5.2. Sample Preparation 

There are different techniques in triaxial sample preparations. The moist tamping 

method is usually used for granular soils like sand. Other sample preparation methods 

such as slurry depositions are used mainly for fine-grained soils such as silt and clay. 

In a triaxial testing device, samples are prepared within a cylindrical steel split mould 

while a membrane is pulled of inside of the mould. The specimens usually have an 

aspect ratio of 2. Fig. 3.10(a) shows a sand sample in the split mould prepared 

according to the moist tamping method. In addition, Fig. 3.10(b) shows a prepared 

specimen before installing the chamber and mounting on the triaxial device.   
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Fig. 3.10. Sample preparation in a triaxial device using moist tamping method (a) 

Sample preparation in a steel split mould; and (b) prepared sample on pedestal 

and ready for the tests. 

 

 

(a) 

(b) 
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3.2.5.3. Triaxial Testing Phases 

Triaxial testing is consisted of three phases of three phases as mentioned below 

- Saturation; 

- Consolidation;  

- and shearing.  

In saturation stage, the empty voids fill with fluid, and the pore pressure transducer 

and drainage lines are de-aired (GDS 2013). To achieve a full saturation state, the back 

pressure and the cell pressure is linearly increased. The level of saturation is controlled 

using a coefficient known as Skempton coefficient (B-value). The B-value is a ratio, 

which is computed by dividing the pore pressure with cell pressure (Δu/Δσ3). The soil 

is supposed as fully saturated when a B-value ≥ 0.95 is achieved.  

After saturation stage, the specimen is consolidated to simulate the desired effective 

stress condition before shearing. This stage is completed by increasing the cell pressure 

and maintaining a constant value for pore pressure. This process is continued until the 

recorded volume change for the specimen is negligible. The specimen is sheared upon 

completion of consolidation stage by applying a constant rate of shearing. 
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3.2.5.4. Triaxial Testing Types 

There are three types of the triaxial testing conditions, which is defined by various 

loading and drainage conditions as indicated below; 

- Unconsolidated - Undrained (UU); 

- Consolidated – Drained (CD); 

- Consolidated - Undrained (CU). 

The unconsolidated – undrained (UU) is one of the most common types of the triaxial 

testing on cohesive soils as provide a quick test setup and the outcome on undrained 

shear strength value. This test is more suitable for short-term stability analysis of a 

slope (GDS 2013).  

In contrast, the consolidated – drained (CD) is a time taking test type as it simulates a 

long-term loading condition on soil. The required time to conduct this test is even 

longer if a cohesive soil to be tested. The parameters such as shear strength, 

cohesiveness, and friction angle can be obtained by performing this test. Selection of 

a shearing rate is critical in this test type as selecting an inappropriate shearing rate can 

cause a generation of the pore water pressure ratio and accordingly inaccurate test 

results (GDS 2013). 

Similar to consolidated – drained (CD) test condition, the strength parameters can be 

obtained in a consolidated – undrained (CU), however in a faster way, and by recording 

the pore water pressure ratio variations. These characteristics has made it as a 

favourable test type for most of soils (GDS 2013). 
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3.3. Micro-structural Analysis Devices  

In general, the micro-structural analysis apparatus of the soil materials is divided into 

two main groups of the scanning electron microscopy (SEM) imaging and x-ray 

powder diffraction (XRD) analysis. The SEM imaging mainly is focused on the shape 

particles analysis and its morphology while the XRD’s focus is mainly on the 

constituent mineral of the soil from a chemical point of view. The following sections 

introduce the microstructural devices in more detail.  

 

 

3.3.1. Scanning Electron Microscopy (SEM) Imaging 

In a SEM imaging device is consisted of a series of electron detectors (i.e., secondary 

and backscattered), sample chamber, lenses and electron source. This device provides 

the imaging information about the surface and topography of the soil by scanning a 

focused electron beam over a surface. The electron in the beam generates various 

signals by interacting with the sample, which is resulted in generation of the imaging. 

Fig. 3.12 shows a typical SEM device for imaging purposes of the soil and used to 

conduct the studies. The prepared samples for SEM testing are coated using carbon or 

platinum with different thicknesses. Fig. 3.13 shows a series of samples after carbon 

coating placed on sample holder prepare for SEM testing.   
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Fig. 3.11. A typical scanning electron microscopy (SEM) image used to conduct the 

microstructural analysis of the study 

 

Fig. 3.12. Prepared specimens for SEM testing in sample holder of the SEM device 
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3.3.2. X-ray Powder Diffraction (XRD) Analysis 

The x-ray powder diffraction (XRD) analysis is a method for phase identification, 

microcrystalline quantification, and structural characterisations. The test is conducted 

on the homogenised and powdered specimens which are grinded using a heavy ball 

mill. The results of the XRD analysis is an x-ray diffraction pattern which is a unique 

pattern for each material and is interpreted using phase identification applications 

which have a vast database of different phases.   
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Chapter 4 
Preliminary Tests & Materials Selection  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 

 

CHAPTER INTRODUCTION 

In this chapter, a series of the preliminary experimental analysis have been conducted 

on the representative ground improvement materials in order to evaluate their 

effectiveness to improve the mechanical behaviour of the soil, and to select the most 

effective of them in order to continue the liquefaction study in the next stages.  

The sawdust and recycled tyre are two abundant environmental friendly materials that 

have been selected as the representative for the reinforcement group, and the 

investigations on their effect on mechanical behaviour of soil have been presented in 

part one and two respectively. These two parts consist of a series of 1-D consolidation 

tests and rigid-wall hydraulic conductivity tests conducted to investigate the effect of 

sawdust and recycled tyre as two reinforcement agents on compressibility and 

hydraulic conductivity of soil.  

The lime was selected as the representative for the traditional chemical agents and a 

series of experimental analysis conducted on the effect of lime addition on mechanical 

behaviour of the soil. The results of this analysis presented in the third part of this 

chapter in a series of comprehensive experimental study consisted of a series of the 

volumetric shrinkage tests, unconfined compressive strength (UCS) tests, and ring 

shear tests to investigate the effect of lime on mechanical behaviour of soil and the 

effect of partially replacement of the lime with GGBFS.  

The GGBFS was selected as the representative for the environmental-friendly 

chemical binders to investigate its effect on mechanical behaviour of the soil by 

performing a series of direct shear tests on over-consolidated clay.  

Finally, the results have been analysed and discussed, and the most effective method 

and additives have been selected in conclusion section. In order to have a complete 
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understanding of the response of the intended materials, the experimental analysis have 

been conducted on sand mixed with 5% bentonite. Since a higher amount of hydration 

and pozzolanic reactions occurs in fine-grained soils, third and fourth parts of this 

chapter focused to investigate two types of clayey soils.  

The analysis of the effect of sawdust on consolidation and hydraulic conductivity of 

soil published by Keramatikerman et al. (2017a). Furthermore, the results of the effect 

of recycled tyre on consolidation and hydraulic conductivity of soil published in form 

of a paper by Chegenizadeh et al. (2018). The results of experimental study on the 

effect of lime published by Keramatikerman et al. (2016) and the results of the 

investigations on the effect of GGBFS on mechanical behaviour of clay published by 

Keramatikerman et al. (2018a).         
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Part 1  
Effect of Sawdust on Permeability and 

Compressibility of Soil 
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4.1. Effect of Sawdust on Permeability and Compressibility of Soil  

4.1.1. Abstract 

Landfills containing municipal solid waste (MSW) are increasing with growing 

population and consumption rate in Australia. However, construction of conventional 

containment systems such as slurry walls are a cost-effective and timesaving approach 

to control the leachate diffusion, they are weak barriers when exposed to volatile 

organic compounds (VOCs) or heavy metals, which are abundant in municipal solid 

wastes. This study investigates effect of sawdust addition on hydraulic conductivity 

and compressibility of the Soil-Bentonite (SB) slurry cut-off wall. A series of 

hydraulic conductivity and consolidation tests performed on SB backfill amended with 

2%, 5% and 10% sawdust contents. The results showed that application of sawdust 

reduced the final hydraulic conductivity (kf) in the range of 2.13 x 10-10 ≤ kf ≤ 3.5 x 10-

10 m/s. The computed hydraulic conductivity values using consolidation theory (ktheory) 

also showed an identical decreasing trend in the range of 5.10x 10-11 ≤ ktheory ≤ 3.50x 

10-10 m/s under 24 ≤ σ′n ≤ 1,280 kPa effective overburden pressure (σ′n). The 

coefficient of consolidation (cv) was computed using Casagrande and Taylor methods 

showed a good agreement range value. Additionally, the computed compression index 

(Ci) and swelling index (Cs) were calculated using void ratio and effective overburden 

pressure graphs (e - logσ’
n) showed that application of sawdust had no significant 

impact on settlement of the SB backfill. 

 

4.1.2. Introduction  

A significant growth in production of the waste has been reported in recent years in 

Australia due to increase in population and consumption rate. There is 12% increase 
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in volume of waste deposited to landfill from 2001 to 2007 (Plant et al. 2014). The 

statistics showed that 19 million tonnes of waste were disposed to landfill in 2001. The 

amount has increased to more than 21.3 million tonnes in 2007. Moreover, it has been 

indicated that during 2006–2007, nearly half (i.e., 48%) of all waste was released in 

landfill (Plant et al. 2014). Similar conditions have been reported in different areas 

around the globe (Nabavi-Pelesaraei et al. 2017; Rong et al. 2017). It has been proved 

that landfills contain a wide range of volatile organic compounds (VOCs), and the 

leachates from municipal solid waste (MSW) can contaminate the surrounding land 

and groundwater (Malusis et al. 2009). The VOCs contain some toxic elements that 

migrate to the environment and enter into the human body through food (Haque 2016).     

The conventional soil-bentonite (SB) slurry cut-off walls are non-structural and in-situ 

barriers that isolate the contaminated lands from uncontaminated areas. Construction 

of slurry-cut of walls is a well-established approach to control the contamination (Ressi 

and Cavalli 1985; Philip 2001; Du et al. 2015; Wang et al. 2016). Although, these 

vertical barriers have a low hydraulic conductivity due to application of bentonite, they 

are weak barriers when exposed to VOCs or heavy metals, which are abundant in 

municipal solid wastes (MSWs) (Malusis et al. 2009). It has been indicated that 

application of materials containing a high amount of carbon such as activated carbon 

and tyre chips can be useful to increase the adsorption capability of the SB slurry cut-

off walls while enhancing the compressibility characteristics of these barriers (Malusis 

et al. 2009; Hong et al. 2012). 

Sawdust (SD) is known as a strong adsorbent for heavy metal contaminants (Shukla et 

al. 2002) and its application in the ground improvement projects is a well-established 

practice (Keller 2016). Application of the sawdust is not only an environmental 

friendly approach, but also reduces the carbon emission in the nature (Fogarasi and 
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Cormos 2017). Application of sawdust is also cost effective (Fogarasi and Cormos 

2015). However, its effect on the hydraulic conductivity and compressibility 

characteristics of a SB backfill is unknown. This study aims to investigate hydraulic 

conductivity and compressibility behaviour of a SB slurry cut-off wall when amended 

with different sawdust contents.  

 

4.1.3. Materials and Methods 

4.1.3.1. Constituent Materials 

Sand used in this study was supplied from Baldivis in Western Australia. This sand 

was clean and classified as the poorly graded sand according to the unified soil 

classification systems (USCS) [(ASTM D2487, (ASTM 2011a)]. The used sodium 

bentonite had a liquid limit (LL) of 455 and a plastic limit (PL) of 387 according to 

ASTM D4318 (ASTM 2010) and classified as a high plasticity (CH) clay. The used 

sawdust (SD) was dried in an oven before the application. It had a specific gravity (Gs) 

of 1.35, [ASTM D854, (ASTM 2014a)], coefficient of curvature (Cc) of 1.10, and a 

uniformity coefficient (Cu) of 2.33. The particle size distribution analysis was 

performed according to the ASTM C136 (ASTM 2014b) and ASTM D4221 (ASTM 

2011b) and the results were presented in Fig. 4.1. 
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Fig. 4.1. Particle size distribution (PSD) of the used materials. 

 

4.1.3.2. Sample Preparation 

In the first stage, the bentonite-slurry (BS) was prepared by mixing 5% bentonite (by 

dry weight) with tap water and mixed in an automated mixer machine for 30 minutes. 

After 24 hours of hydration, the electric conductivity (EC) and pH of the prepared 

bentonite slurry were 115.5 mS/m and 8.80 respectively. In addition, the measured 

density and marsh funnel viscosity were 1.035 g/cm3 and 40 s respectively. To prepare 

the base mixture (unamended), the dried sand was mixed with 8% water similar to its 

original gravimetric moisture content, and then 4% bentonite (by dry weight) was 

added to it and mixed in the automated mixer machine for 30 minutes (Malusis et al. 

2009; Hong et al. 2012). The unamended backfill was prepared by mixing the 

bentonite-slurry (BS) to the base mixture until a targeted slump of 125 ± 12.5 mm was 

achieved according to ASTM C143 (ASTM 2015a). The measured total amount of the 
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included bentonite to the control mixture was 5.8%. To prepare the sawdust amended 

mixtures, it was necessary to add more bentonite-slurry (BS) to the mixture in order to 

have a desired slump value. In addition, more bentonite was added to the base mixture 

to omit the bentonite content as a variable and keep it constant for all mixtures. Table 

4.1 shows the characteristics of each backfill mixture.  

 

Table 4.1. Characteristics of each backfill mixture 

No. ID 
Sand, 

(%) 

Bentonite, 

(%) 

Sawdust, 

(%) 

Liquid 

limit (LL) 

Water 

content, w 

(%) 

Slump, 

(mm) 

1 SB 

backfill 

94.2 5.8 - 28 44.1 125 

2 2%SD 92.2 5.8 2 34 48.4 127 

3 5%SD 89.2 5.8 5 37 52.6 125 

4 10%SD 84.2 5.8 10 39 57.8 126 

 

4.1.3.3. Methodology 

To figure out the hydraulic conductivity of the sawdust amended backfill mixtures 

rigid-wall hydraulic conductivity tests using falling head method were conducted 

according to ASTM D5856 (ASTM 2015b). The tests were conducted in moisture and 

temperature controlled room. A compaction permeability mould with 140 mm 

diameter and 150 mm height was used to perform the tests. To prevent the side-wall 

leakage, a rubber membrane was stretched inside of the used mould before pouring the 

specimens inside of the mould (Aldaeef and Rayhani 2014). The backfill mixtures 

were poured in the mould in three layers and were rodded to remove the voids (Daniel 

et al. 1985). The tap water was used as the permeating liquid with a pH and electrical 
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conductivity (EC) of 6.7 and 5.5 mS/m respectively. The specimens after preparation 

were left for saturation. The data were recorded when a steady flow was observed from 

the effluent outflow. The hydraulic conductivity was measured three times in a similar 

permeating and testing conditions (i.e., outflow rate and hydraulic gradient) for each 

backfill mixture. The final hydraulic conductivity (kf) was the mean of the three 

readings. Furthermore, 1-D consolidation tests were performed using a conventional 

fixed-ring Wykeham Farrance oedometer device in accordance with ASTM D2435 

(ASTM 2011c). The specimens were prepared in a cylindrical mould with 50 mm 

diameter and 19 mm height. The specimens were rodded to remove any void. They 

were under a sequential series of effective overburden pressures of 24, 48, 96, 192, 

383, 766, and 1,280 kPa, and then unloaded in the reversed order. Each sequence 

completed in 24 hours, and the hydraulic conductivity was computed based on the 

Terzaghi consolidation theory (ktheory) at the end of each loading stage.  

 

4.1.4. Results and Discussion 

4.1.4.1. Hydraulic Conductivity Tests (kf) 

The measured final hydraulic conductivity (kf) values were shown in Table 4.2. The 

control backfill mixture has a final hydraulic conductivity of 5.23 x 10-10 m/s. This 

value decreased to 3.5 x 10-10, 2.9 x 10-10 m/s, and 2.13 x 10-10 m/s when 2%, 5% and 

10% sawdust were added to the SB backfill mixture. The results in this section 

indicated that addition of sawdust was effective to reduce hydraulic conductivity of 

the SB backfill. It has been indicated that the sawdust has an adsorption capacity due 

to ion exchange or hydrogen binding mechanism (Shukla et al. 2002), which might be 
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the main reason in reduction of the hydraulic conductivity of the sawdust amended 

specimens.  

 

Table 4.2. A summary of hydraulic conductivity test results. 

Specimen 
Porosity, 

n 

Density 

 𝛾𝑑, (t/m3) 

Measured Hydraulic Conductivity 

 k, (m/s) 

k, (m/s) kf  average (m/s) 

SB backfill 0.48 1.36 

5.3 x 10-10 
 

5.23 x 10-10 4.8 x 10-10 

5.6 x 10-10 

2%SD 0.47 1.41 

3.8 x 10-10 
 

3.5 x 10-10 3.5 x 10-10 

3.2 x 10-10 

5%SD 0.51 1.42 

2.9 x 10-10 
 

2.9 x 10-10 2.7 x 10-10 

3.1 x 10-10 

10%SD 0.49 1.43 

2.4 x 10-10 
 

2.13 x 10-10 2.2 x 10-10 

1.8 x 10-10 

 

 

4.1.4.2. Consolidation Tests 

4.1.4.2.1. Compression Index (Ci) and Swelling 

Index (Cs) 
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Fig. 4.2 shows the variation of the void ratio versus logarithm effective overburden 

pressure (e - logσ’
n) for Control SB backfill and sawdust amended specimens. As can 

be seen, void ratio for the control backfill is in the range of 0.82 ≤ e ≤ 1.18 under 24 ≤ 

σ′n ≤ 1280 kPa effective overburden pressure. Addition of the sawdust caused a 

reduction in void ratio values. For instance, the void ratio values were in the range of 

0.78 ≤ e ≤ 1.15, 0.74 ≤ e ≤ 1.13, and 0.70 ≤ e ≤ 1.10 when 2%, 5% and 10% sawdust 

was added to the SB backfill respectively. The compression index (Ci) and swelling 

index (Cs) computed using e - logσ’
n graphs were showed in Fig. 4.2(b). As can be 

seen, addition of the sawdust had no impact on compression index (Ci) and this 

parameter remained constant after increasing the sawdust content of the SB backfill 

(i.e., 0.2). This behaviour shows that addition of the sawdust has no impact in rigidity 

of the SB backfill (Malusis et al. 2009).  However, addition of the sawdust caused a 

decrease in swelling index (Cs) values of the mixtures, these values were in the range 

of 0.009 ≤ Cs ≤ 0.04 when 2% to 10% sawdust was added. 

 

  

Fig. 4.2. (a) Variation of void ratio (e) versus logarithm of effective overburden pressure 

(e - logσ′n) for control SB backfill mixture and sawdust amended specimens; (b) 

Variation of compression index (Ci) and swelling index (Cs) versus sawdust contents 
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4.1.4.2.2. Coefficient of Consolidation (cv) 

The coefficient of consolidation (cv) was computed using Casagrande and Taylor 

methods and the results were shown in Fig. 4.3. As can be seen in Fig. 4.3(a), addition 

of the sawdust slightly decreased the cv values computed based on the Casagrande 

method. For instance, while the coefficient of consolidation for control mixture was in 

the range of 1.7 x 10-8 ≤ cv ≤ 6.53 x 10-7 m2/s under 24 ≤ e ≤ 1280 kPa effective 

overburden pressure (σ′n), this value decreased to 1.65 x 10-8 ≤ cv ≤ 6.01 x 10-7, 1.51 x 

10-8 ≤ cv ≤ 5.54 x 10-7, and 1.35 x 10-8 ≤ cv ≤ 5.13 x 10-7 m2/s after addition of 2%, 5% 

and 10% sawdust. Identical trend was recorded when the cv values were calculated 

using Taylor method as shown in Fig. 4.3(b). For instance, the cv values computed 

based on the Taylor method was in the range of 3.4 x 10-8 ≤ cv ≤ 6.73 x 10-7 m2/s while 

addition of 2% sawdust caused a reduction in the range 3.2 x 10-8 ≤ cv ≤ 6.24 x 10-7 

m2/s. This decreasing trend was followed to the ranges of 2.87 x 10-8 ≤ cv ≤ 5.86 x 10-

7 m2/s and 2.54 x 10-8 ≤ cv ≤ 5.62 x 10-7 m2/s by addition of 5% and 10% sawdust. The 

decreasing trend of the cv values computed based on Casagrande and Taylor methods 

can be seen in Fig. 4.4.  In addition, Fig. 4.5 shows the computed cv values based on 

the Taylor method relative to cv values computed based on the Casagrande method 

(i.e., cv, Taylor / cv, Casagrande) versus logarithm effective overburden pressure (logσ′n). It 

can be seen that the acquired cv values in Taylor method are greater than the 

Casagrande method as the compressibility changing with effective stress and the rate 

of strain (Yeo et al. 2005) and as the secondary compression happens during the 

primary consolidation (Olson, 1986; Yeo et al. 2005). 
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Fig. 4.3. Computed cv values versus effective overburden pressure (σ′n) for SB backfill 

mixture and sawdust amended mixtures based on (a) Casagrande method; (b) Taylor 

method 
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Fig. 4.4. Computed cv values versus sawdust content for SB backfill mixture and sawdust 

amended mixtures based on (a) Casagrande method; (b) Taylor method 
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Fig. 4.5. Computed cv values based on the Taylor method relative to cv values computed 

based on the Casagrande method versus σ′n for sawdust amended specimens 
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effective overburden pressure range. This decreasing trend was continued to 3.92 x 10-

5 ≤ av ≤ 6.28 x 10-3 kPa-1 and 3.04 x 10-5 ≤ av ≤ 5.66 x 10-3 kPa-1 when 5% and 10% 

sawdust were added to the mixtures. Reduction of mv and av indicates that addition of 

sawdust reduces the rate of compression in the sawdust treated specimens.    

 

 

Fig. 4.6. (a) Coefficients of volume compressibility (mv) versus effective overburden 

pressure (σ′n) for SB backfill and sawdust amended mixtures; (b) coefficient of 

compressibility (av) versus effective overburden pressure (σ′n) for SB backfill and 

sawdust amended mixtures 
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4.1.4.2.4. Computed Hydraulic Conductivity (ktheory) 

The hydraulic conductivity was computed using Terzaghi consolidation theory similar 

to Kang and Shackelford (2010) at the end of each loading sequence, and the results 

were presented in Fig. 4.7. As shown in the figure, the computed hydraulic 

conductivity values for the control SB backfill mixture was in the range of 1.51 x 10-

10 ≤ ktheory ≤ 4.70 x 10-10 m/s under 24 ≤ σ′n ≤ 1280 kPa effective overburden pressure. 

Addition of 2% sawdust caused a reduction in the range of 8.50 x 10-11 ≤ ktheory ≤ 3.50 

x 10-10 m/s. This trend reached to the range of 7.10 x 10-11 ≤ ktheory ≤ 3.10 x 10-10 m/s 

and 5.10 x 10-11 ≤ ktheory ≤ 2.50 x 10-10 m/s when 5% and 10% sawdust were added to 

the specimens. Variation of the computed hydraulic conductivity (ktheory) with void 

ratio was shown in Fig. 4.8. As can be seen, the hydraulic conductivity decreased by 

decreasing the void ratio. In addition, the variations of the hydraulic conductivity with 

sawdust for measured (kf) and computed (ktheory) conductivity were shown in Fig. 4.9. 

As can be seen, the measured kf values have a good agreement with computed ktheory 

values at low effective overburden pressure.   

 

Fig. 4.7. Hydraulic conductivity (ktheory) as a function of effective overburden pressure 

(logσ′n) for control SB backfill mixture and sawdust amended specimens 
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Fig. 4.8. Hydraulic conductivity (ktheory) as a function of void ratio (e) for control backfill 

mixture and sawdust amended specimens 

 

 

 

Fig. 4.9. Comparison between the computed and measured hydraulic conductivity (i.e., kf 

and ktheory) as a function of sawdust content for SB control mixture and sawdust 

amended specimens  
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4.1.5. Conclusions  

This study investigated effect of sawdust addition on hydraulic conductivity and 

compressibility of the sand bentonite (SB) backfill mixture by performing a series of 

falling head hydraulic conductivity and 1-D consolidation tests. The following 

conclusions can be drawn from the results; 

 

- The results showed that the SB backfill mixture has a hydraulic conductivity 

of 5.23 x 10-10 m/s, and addition of 2%, 5%, and 10% sawdust caused a 

reduction in the range of 3.5 x 10-10, 2.9 x 10-10, and 2.13 x 10-10 for hydraulic 

conductivity values respectively.  

- Investigations showed that the control backfill mixture has a hydraulic 

conductivity in the range of 1.51 x 10-10 ≤ ktheory ≤ 4.70 x 10-10 under 24 ≤ σ′n ≤ 

1280 kPa effective overburden pressure when computed based on Terzaghi 

consolidation theory, and addition of sawdust caused a reduction in the range 

of 8.50 x 10-11 ≤ ktheory ≤ 2.50 x 10-10 m/s for the mixtures. The measured kf and 

computed ktheory values showed a good agreement at low effective overburden 

pressure.  

- The results showed that addition of sawdust caused a reduction for the 

coefficient of consolidation (cv) in both Casagrande and Taylor methods.  

- The investigations showed that addition of sawdust has no impact on 

compression index (Ci) and consequently on rigidity of the sawdust amended 

mixtures. In addition, it was revealed that the swelling index (Cs) decreased by 

addition of the sawdust in a very low range.  
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4.2. Effect of Recycled Tyre on Mechanical Behaviour of Soil 

4.2.1. Abstract 

Disposing scrap tyre has increased in recent years, and finding innovative reusing 

methods is of interest to researchers. This study aims to investigate the hydraulic 

conductivity and one-dimensional consolidation behaviour of soil-bentonite (SB) 

backfill amended with powdered recycled tyre (PRT) and crumbed recycled tyre 

(CRT) by performing a series of oedometer consolidation and rigid-wall hydraulic 

conductivity tests. Three values of PRT and CRT (i.e., 2%, 5% and 10% by dry weight) 

were used to prepare the specimens. The investigation on vertical strain-time graphs 

showed that the addition of PRT and CRT caused an increase in settlement 

characteristics of the SB backfill. The results also showed that the addition of PRT and 

CRT caused an increase in the compression index (Ci) and the swelling index (Cs) of 

the SB specimens. The coefficient of consolidation (cv) based on the Casagrande and 

Taylor methods showed a consistent increasing trend by increasing the PRT and CRT. 

The hydraulic conductivity was computed based on the Terzaghi consolidation theory 

(ktheory), and the results showed that increasing the PRT and CRT caused an increase 

in hydraulic conductivity of the SB backfill. The hydraulic conductivity (kf) measured 

using a rigid-wall permeability compaction mould showed a similar increasing trend 

by increasing the PRT and CRT contents of the backfills. 

 

4.2.2. Introduction 

Australia is facing a significant growth in waste production due to increases in 

population and consumption rates in recent years (Keramatikerman et al. 2017a; Plant 

et al. 2016). The tyre industry is one of the sectors growing the most, with around 52.2 
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M tyres disposed each year in Australia, only 13% of which are recycled, and the rest 

is stockpiled in landfills (Chegenizadeh et al. 2017; SUEZ 2016). Along with this 

increasing trend of scarp tyre generation emerges serious environmental and health 

issues for the future, and highlights the importance of innovative reusing methods. The 

scarp tyre has some natural characteristics that make it useful when applied to 

drainage, insulation, and lightweight aggregate backfill purposes (Edil et al. 2004). 

Previous studies investigated the potential reuse of tyres in structural engineering and 

in particular in improving the strength characteristics of concrete (Kashani et al. 2017; 

Hesami et al. 2016; Bravo and de Brito 2012; Pelisser et al. 2011), however many more 

studies need to be conducted to fully investigate the potential application of scarp tyres 

in various sectors. This material also has a wide range of usage in environmental 

studies (Ghazavi 2004; Rao and Dutta 2006; Bhalla et al. 2010; Turner and Rice 2010; 

Lian et al. 2011; Lian et al 2013). Since carbon is the main constituent of the scarp 

tyre, this material has a high potential for the absorption of waste containing volatile 

organic compounds (VOCs) and can be applied in the waste management industry as 

well. As an example, Cokca and Yilmaz (2004) investigated effect of rubber and fly 

ash mixed bentonite as a liner material. They indicated that the mixture of bentonite 

and fly ash, with up to 10% rubber, provided a satisfactory barrier system with an 

appropriate hydraulic conductivity required for liner systems. In another example, 

Park et al. (2003) investigated the suitability of the shredded tyre as a collection 

medium for landfill leachate in a large scale tank, and concluded that tyre chips are 

good for the absorption of contamination. Park et al. (1993) also reported on the 

effectiveness of ground tyre to absorb the VOCs in a series of laboratory scale column 

tests.  
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The construction of soil-bentonite (SB) slurry cut–off walls is a well-established 

approach to control the migration of contaminants into an uncontaminated area. This 

method is a cost-effective and time-saving approach in comparison to the construction 

of a treatment plant (Hong et al. 2012). The SB barriers have an intrinsic low sorption 

capacity when exposed to volatile organic compounds (VOCs) and require 

modification with some amendments that have a high capability for carbon absorption 

(Malusis et al. 2009; Park et al. 1993). It has been indicated that materials such as 

activated carbon, fly ash, zeolite, and scarp tyre etc. contain a high level of carbon that 

are effective in increasing the absorption capacity of SB slurry walls (Hong et al. 2012; 

Malusis et al. 2009; Mott and Weber 1992), however some of their most crucial 

engineering characteristics (i.e., hydraulic conductivity and compressibility) are not 

clear after amendments. For instance, Hong et al. (2012) investigated the effect of 

zeolite amendment on compressibility and hydraulic conductivity of the SB slurry 

walls by performing a series of laboratory scale hydraulic conductivity and 

consolidation tests. It was indicated that the addition of zeolite had little impact on the 

settlement and permeability characteristics of the SB backfill. In another example, 

Malusis et al. (2009) investigated the effect of two types of activated carbon (i.e., 

powdered and granular) amendment on permeability and consolidation characteristics 

of the SB slurry walls. They indicated that the application of powdered activated 

carbon marginally reduced the hydraulic conductivity and increased the 

compressibility of the SB backfill.       

In aforementioned literature, it was determined that the generation of the scarp tyre is 

increasing day to day and finding innovative solutions to reuse this material is of 

interest to the researchers. In addition, it was mentioned that the scarp tyre, like some 

other materials (i.e., fly ash carbon, and zeolite etc.), has a high level of VOCs 
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absorption that has the potential for application in SB slurry walls, however their effect 

on engineering characteristics such as hydraulic conductivity and compressibility of 

the SB slurry walls is unknown. Thus, this study aims to investigate the effect of two 

types of scrap tyre after recycling, powdered recycled tyre (PRT) and crumbed 

recycled tyre (CRT), on hydraulic conductivity and compressibility of the SB slurry 

cut-off wall.  

 

4.2.3. Materials and Methods 

The materials used to prepare the backfill consist of sand, sodium bentonite, powdered 

recycled tyre (PRT) and crumbed recycled tyre (CRT) at 0, 2, 5 and 10% by dry weight. 

The sand used is classified as poorly graded sand (SP) according to the Unified Soil 

Classification System (USCS) [(ASTM D2487, (ASTM 2011a)], and was obtained 

from Baldivis, Western Australia. The bentonite used has a liquid limit (LL) and a 

plastic limit (PL) of 455 and 387, respectively [ASTM D4318 (ASTM 2010)], and is 

classified as a high plasticity (CH) clay according to the USCS. Both the PRT and the 

CRT have a specific gravity of solids (GS) of 1.2. They were made from recycled truck 

tyres using a tyre buffing machine and purified of any other waste materials such as 

wood, glass, fibre or metal by the supplier. The uniformity coefficient (Cu) was 2.5 

and 1.20, and the coefficient of curvature (Cc) was 1.02 and 1.20 for PRT and CRT, 

respectively. The particle size distribution (PSD) tests were performed for the 

materials in accordance with ASTM C136 (ASTM 2014b) and ASTM D422 (ASTM 

2011b), and the results are presented in Fig. 4.10.  
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A Bentonite-water (BW) slurry was prepared by the addition of 5% bentonite (by dry 

weight) to tap water. The slurry was then mixed for 30 minutes in an automated Hobart 

mixer machine and left to hydrate for 24 hours (Hong et al. 2012). The prepared slurry 

had a density and marsh funnel viscosity of 1035 kg/m3 and 40 s, respectively. In 

addition, the electrical conductivity (EC) and pH of the slurry at 25°C were equal to 

115.5 mS/m and 8.80. The unamended SB backfill was prepared by mixing sand with 

4% bentonite (by dry weight) in the automated mixer for 30 minutes (Malusis et al. 

2009; Hong et al. 2012). During preparation, water content equal to 8% of the sand 

(similar to the original gravimetric water content) was added to the backfill to keep its 

uniformity (Hong et al. 2012). To prepare the unamended SB backfill, the BW slurry 

was mixed with the base mixture and blended in the mixer machine until a targeted 

slump of 125 ± 12.5 mm was obtained [ASTM 2015a (ASTM C143)]. The total 

bentonite content of the final SB mixture was 5.8% (by dry weight of the soil). Fig. 

4.11 shows a typical slump test performed for the SB backfill mixture. To prepare the 

PRT and CRT amended backfills, a greater amount of slurry was required to be added 

to each mixture due to the difference in nature of the tyre with sand. Furthermore, the 

amount of added dry bentonite was adjusted to maintain a similar total bentonite 

content for each PRT and CRT amended mixture. This modification was necessary to 

maintain a constant bentonite content in each backfill in order to compare the hydraulic 

conductivity and consolidation characteristics under the same condition. Table 4.3 

shows the characteristics of each backfill mixture.  
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Table 4.3. Characteristics of each backfill mixture 

No. ID 

Sand 

(%) 

PRT 

(%) 

CRT 

(%) 

Liquid 

limit (LL) 

Water content 

w (%) 

Slump 

(mm) 

1 SB 94.2 - - 28 44.1 125 

2 2PRT 92.2 2 - 32 45.3 126 

3 5PRT 89.2 5 - 35 47.8 128 

4 10PRT 84.2 10 - 37 51.3 127 

5 2CRT 92.2 - 2 30 44.7 126 

6 5CRT 89.2 - 5 31 45.4 127 

7 10CRT 84.2 - 10 34 46.9 124 

 

 

Fig. 4.10. Particle grading of the used materials. 
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Fig. 4.11. A typical slump test performed on SB backfill. 

 

4.2.4. Laboratory Test Setup 

A series of rigid-wall hydraulic conductivity tests based on the falling head technique, 

in accordance with ASTM D5856 (ASTM 2015), were conducted in a moisture 

controlled room at 25 ± 1°C temperature. The tests were conducted in a compaction 

permeability mould with an inner diameter of 140 mm, and 150 mm height. Tap water 

with a pH and electrical conductivity (EC) of 6.7 and 5.5 mS/m was used as the 

permeant liquid. The rubber membrane was stretched inside the mould before 

depositing each backfill mixture to avoid sidewall leakage during the test (Aldaeef and 

Rayhani 2014). Each mixture was deposited into the mould in three layers and rodded 

to avoid the formation of unwanted significant voids (Daniel et al. 1985). The 

recording started when the specimen reached the fully saturated state, and a steady 

outflow was observed. The hydraulic conductivity tests were measured three times for 

each mixture in a similar permeating and testing condition (i.e., outflow rate and 

125 m
m
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hydraulic gradient) and final hydraulic conductivity (kf) was calculated by taking their 

mean value.  

The one-dimensional consolidation tests were performed using a conventional fixed-

ring Wykeham Farrance oedometer device in accordance with ASTM D2435 (ASTM 

2011c). A cylindrical steel ring with a 50 mm diameter and 19 mm height was used to 

perform the tests on each mixture. The mixtures were rodded when placed in the ring 

to remove the significant pores. The applied vertical overburden stress started from 24 

kPa and increased to 48, 96, 192, 383, 766 and 1,280 kPa and unloaded in a reverse 

order. Each sequence was completed after 24 hours. The hydraulic conductivity was 

also computed using Terzaghi consolidation theory (ktheory). 

 

 

4.2.5. Results and Discussion 

4.2.5.1. Consolidation Tests 

4.2.5.1.1. Deformation vs Time Relations 

Fig. 4.12 shows typical variations of vertical strain versus time (εv - t) for unamended 

and PRT amended SB backfills when the tests were conducted under 1280 kPa 

effective confining stress. The variations of the deformation illustrated based on 

logarithm of the time (log t) and square root of the time (t1/2) in Fig. 4.12 (a) and Fig. 

4.12 (b), respectively. It is seen from the figure that increasing the PRT contents of the 

specimens caused an increase in settlement characteristics of the specimens over time. 

For instance, while the unamended backfill has a vertical strain in the range of 0.2% ≤ 

εv ≤ 10.1% when the test duration was in the range of 1 ≤ t ≤ 1440 min, addition of 2, 

5, and 10% PRT to the backfill caused a deformation in the range of 0.3% ≤ εv ≤ 10.6%, 

0.4% ≤ εv ≤ 11.0%, and 0.5% ≤ εv ≤ 11.6% in a test duration of 1 ≤ t ≤ 1440 min 
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respectively. This trend clearly indicates that the addition of PRT to the backfill 

increased the settlement characteristics of the specimens. In addition, typical variations 

of the vertical strain with time for unamended and CRT amended backfills under 1280 

kPa effective overburden stress were shown in Fig. 4.13 Similarly, these variations 

were shown based on logarithm of the time (log t) and square root of the time (t1/2) in 

Fig. 4.13(a) and Fig. 4.13(b), respectively. As shown in the figure, increasing the CRT 

content of the specimens caused an increase in vertical strain of the backfills. The 

settlement in CRT amended backfills is more pronounced than PRT amended ones. 

For instance, while the control backfill has a vertical strain in the range of 0.2% ≤ εv ≤ 

10.1% during the consolidation time in the range of 1 ≤ t ≤ 1440 min, amendment of 

the specimens with 2, 5, and 10% CRT caused a vertical strain in the range of 0.3% ≤ 

εv ≤ 11.1%, 0.4% ≤ εv ≤ 12.0%, and 0.5% ≤ εv ≤ 12.7% during 1 ≤ t ≤ 1440 min 

respectively. This trend also shows that the amendment of the SB backfills with CRT 

caused a higher amount of settlement.  

The acquired curves in vertical strain-logarithm time (εv – log t) graphs for control 

backfill and both PRT and CRT amended specimens show an identical trend with three 

distinct inclinations during 27 interval times from 0.25 to 1440 min under 1280 kPa 

effective overburden stress. These inclinations clearly highlight that the rate of 

settlement was greater at earlier steps and reduced by over time until the last intervals 

(i.e., 500, 600, and 1440 min), where a very low amount of settlement was recorded, 

and the primary consolidation fully completed. This trend can be clearly seen from 

vertical strain-square root of time (εv – t1/2) graphs. This trend was identical when the 

tests were conducted under the other effective overburden pressures. 
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The PRT is a flexible fine material with a lower elastic modulus than sand (Cokca and 

Yilmaz 2004), this characteristic caused a greater deformation to be recorded when the 

backfill was mixed with a greater PRT content. The flexibility is more pronounced in 

CRT since it has a larger structure than PRT, therefore, it has a lower elastic modulus 

than PRT and a greater amount of deformation was recorded in CRT amended 

specimens.           
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Fig. 4.12. Typical settlement behaviour for control SB and PRT amended backfills as a 

function of the vertical strain (ɛv): (a) log t; (b) t1/2 under 1280 kPa (185.65 psi) 

effective overburden stress (σ′n). 
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Fig. 4.13. Typical settlement behaviour for control SB and CRT amended backfills as a 

function of the vertical strain (ɛv): (a) log t; (b) t1/2 under 1280 kPa (185.65 psi) 

effective overburden stress (σ′n). 

 

4.2.5.2. Compression Index and Swelling Index 

Variations of the void ratio (e) with logarithm of the effective overburden stress (i.e., 

e – log σ′n) for control, PRT and CRT amended specimens are shown in Fig. 4.14. As 

can be seen in Fig. 4.14(a), the control SB backfill mixture has a void ratio in the range 

of 0.82 ≤ e ≤ 1.18 at an effective overburden stress in the range of 24 ≤ σ′n ≤ 1280 kPa, 

whereas for the same range of effective overburden stress (σ′n), the void ratio values 

(e) for PRT amended specimens are in the range of 0.85 ≤ e ≤ 1.22, 0.87 ≤ e ≤ 1.26, 

and 0.90 ≤ e ≤ 1.30 when 2, 5, and 10% PRT added to the specimens respectively. 

Similarly, amendment of the SB backfills with CRT slightly increased the void ratio 

values. As shown in Fig. 4.14(b), addition of 2% CRT caused an increase in void ratio 

in the range of 0.84 to 1.20. This value increased to the range of 0.85-1.22 and 0.87 to 
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1.23 when 5% and 10% of CRT was added to the specimens under an effective 

confining stress range of 24 ≤ σ′n ≤ 1280 kPa, respectively.  

The PRT used in this study has a relatively similar particle size distribution (PSD) to 

the sand (i.e., the main component of the backfill). Although, the PRT can be classified 

as the poorly graded (SP) category based on the USCS, some portions of its grading 

has larger particles than the sand used, which might be the main reason for the increase 

in void ratio. Increasing the PRT content caused this portion in the specimens to 

increase and a greater void ratio value to be recorded. Since the CRT contents has a 

larger grading, a similar condition is governed for the case of CRT amended backfills, 

and a greater value of void ratio was recorded after the addition of CRT and increasing 

its contribution in the backfill.         

The compression index (Ci) and swelling index (Cs) values computed using e – log σ′n 

graphs, and were shown versus PRT and CRT contents in Fig. 4.15. The computed 

compression index values for the PRT added specimens showed a greater range value 

(i.e., 0.314 ≤ Ci ≤ 0.404) than the SB backfill control mixture (i.e. Ci = 0.269). 

Similarly, the compression index values for all CRT included SB backfill mixtures, 

were lower than the control mixture (i.e., 0.292 ≤ Ci ≤ 0.359). The reported variations 

in compression index values show that the addition of the PRT and CRT to the SB 

backfill mixture have a slight impact on the settlement characteristics of the SB 

backfills and increasing their contribution caused an increase in these characteristics. 

The recorded behaviours in this section were consistent with results acquired from 

vertical strain-time graphs in the previous section.  

An identical increasing trend was recorded for swelling index values when the PRT 

and CRT contribution of the SB backfill increased. For instance, while the 

compression index of the unamended specimen was 0.009, the addition of 2 to 10% 
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PRT and CRT caused a compression index value range of 0.009 ≤ Cs ≤ 0.017 and 0.007 

≤ Cs ≤ 0.013, respectively. This trend can be attributed to the flexible characteristics 

of the PRT and CRT, and reflects the low range of the fine materials used in the 

mixtures (Yeo et al. 2005; Malusis et al. 2009). 
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Fig. 4.14. Void ratio (e) versus logarithm of effective overburden stress (log σ’
n) for control 

SB backfill mixture and (a) PRT amended specimens and; (b) CRT amended 

specimens 

 

Fig. 4.15. Variation of the compression index (Ci) and swelling index (Cs) versus recycled 

tyre content  
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4.2.5.3. Coefficient of Consolidation 

The coefficient of consolidation (cv) was computed using Casagrande and Taylor 

methods, and the results are presented in Fig. 4.16 and 4.17, respectively. As shown in 

both figures, the reported coefficient of consolidation values have a similar trend and 

range in both calculated methods for both the PRT and CRT amended backfills. For 

instance, in Casagrande method, the control SB backfill mixture has a coefficient of 

consolidation value in the range of 1.13 x 10-8 ≤ cv ≤ 3.97 x 10-7 m2/s under 24 ≤ σ′n ≤ 

1280 kPa effective overburden stress, while this range increased to 1.22 x 10-8 ≤ cv ≤ 

4.32 x 10-7 m2/s, 1.37 x 10-8 ≤ cv ≤ 5.23 x 10-7 m2/s, and 1.70 x 10-8 ≤ cv ≤ 6.53 x 10-7 

m2/s after the addition of 2, 5, and 10% PRT respectively [see Fig. 4.16(a)]. A similar 

trend was recorded for the cv values in the results computed based on the Taylor 

method. For instance, addition of the PRT caused a decrease in the range of 1.7 x 10-8 

≤ cv ≤ 5.27 x 10-7, 2.8 x 10-8 ≤ cv ≤ 6.24 x 10-7, and 3.4 x 10-8 ≤ cv ≤ 6.73 x 10-7 m2/s 

when 2, 5, and 10% PRT included in the specimens, respectively. The control SB 

backfill range was 1.0 x 10-8 ≤ cv ≤ 4.5 x 10-7 m2/s [see Fig. 4.17(a)].  

An identical trend was observed for CRT included specimens in both Casagrande and 

Taylor methods. For instance, while the coefficient of consolidation for unamended 

backfill was 1.13 x 10-8 ≤ cv ≤ 3.97 x 10-7 m2/s under 24 ≤ σ′n ≤ 1280 kPa effective 

overburden stress, amendment of the backfill with 2, 5, and 10% CRT caused a 

coefficient of consolidation in the range of 1.27 x 10-8 ≤ cv ≤ 5.56 x 10-7 m2/s, 1.42 x 

10-8 ≤ cv ≤ 5.76 x 10-7 m2/s, and 1.55 x 10-8 ≤ cv ≤ 6.02 x 10-7 m2/s under 24 ≤ σ′n ≤ 

1280 kPa effective overburden stress when computed using Casagrande method. 

Similarly, the unamended backfill in the Taylor method had a coefficient of 

consolidation of 1 x 10-8 ≤ cv ≤ 4.5 x 10-7 m2/s under 24 ≤ σ′n ≤ 1280 kPa effective 

overburden stress, and the addition of 2, 5, and 10% CRT caused a coefficient of 
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consolidation in the range of 1.8 x 10-8 ≤ cv ≤ 6.01 x 10-7 m2/s, 2.41 x 10-8 ≤ cv ≤ 6.37 

x 10-7 m2/s, and 3.20 x 10-8 ≤ cv ≤ 6.51 x 10-7 m2/s under 24 ≤ σ′n ≤ 1280 kPa effective 

overburden stress. The results reported in this section indicated that increasing the 

contribution of the PRT and CRT in the specimens caused an increase in coefficient 

of consolidation. This characteristic can be attributed to the flexible characteristics of 

the PRT and CRT. In fact, the substitution of sand with a higher rigidity than tyre 

caused a higher value of coefficient of consolidation to be recorded in PRT and CRT 

amended specimens.  

Generally, the coefficient of consolidation computed based on the Taylor method has 

a greater value than those values computed using the Casagrande method. This fact 

can be seen clearly in Fig. 4.18, which shows variations of the computed cv values 

based on the Taylor method divided by cv values computed based on the Casagrande 

method (i.e., cv, Taylor / cv, Casagrande) versus logarithm of effective overburden pressure 

(logσ′n) in PRT and CRT amended SB backfill. It is seen from the figure that almost 

all values are greater than one. This trend can be attributed to the changes of the 

compressibility with effective stress and the rate of strain (Yeo et al., 2005), and is due 

to the secondary compression which happens during the primary consolidation (Olson, 

1986; Yeo et al. 2005). 
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Fig. 4.16. Computed cv values based on Casagrande method versus logarithm effective 

overburden stress (σ′n) for SB backfill mixture and (a) PRT amended specimens; 

(b) CRT amended specimens 
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Fig. 4.17. Computed cv values based on Taylor method versus logarithm effective 

overburden stress (σ′n) for SB backfill mixture and (a) PRT amended specimens and; 

(b) CRT amended specimens 
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Fig. 4.18. Computed cv values based on the Taylor method relative to cv values computed 

based on the Casagrande method versus σ′n for (a) PRT amended specimens and; (b) 

CRT amended specimens 
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4.2.5.4. Terzaghi Hydraulic Conductivity (ktheory) 

Hydraulic conductivity values were computed based on the Terzaghi consolidation 

theory (ktheory) similar to Kang and Shackelford (2010), and the results were plotted 

versus logarithm effective overburden stress (logσ′n) as shown in Fig. 4.19. The 

computed ktheory for PRT amended specimens showed an increasing trend in the range 

of 8.30 x 10-11 ≤ ktheory ≤ 3.87 x 10-10, 1.24 x 10-10 ≤ ktheory ≤ 4.32 x 10-10, and 1.51 x 

10-10 ≤ ktheory ≤ 4.70 x 10-10 m/s when a PRT content of 2, 5, and 10% was added, under 

24 and 1280 kPa effective overburden stress, respectively. The control backfills had a 

hydraulic conductivity in the range of 5.10 x 10-11 ≤ ktheory ≤ 3.24 x 10-10 m/s when the 

test was conducted under an effective overburden stress of 24 ≤ σ′n ≤ 1280 kPa. A 

similar increasing trend was recorded for the hydraulic conductivity values of the CRT 

amended specimens. This increasing trend was more pronounced than those recorded 

in PRT added backfills. For instance, while the hydraulic conductivity of the 

unamended backfill was in the range of 5.10 x 10-11 ≤ ktheory ≤ 3.24 x 10-10 m/s under 

an effective overburden stress of 24 ≤ σ′n ≤ 1280 kPa, increasing the CRT contents of 

the specimens caused a hydraulic conductivity in the range of 7.4 x 10-11 ≤ ktheory ≤ 

3.89 x 10-10, 1.01 x 10-10 ≤ ktheory ≤ 4.52 x 10-10, and 1.57 x 10-10 ≤ ktheory ≤ 5.23 x 10-10 

m/s when 2, 5, and 10% CRT were added in the specimens, respectively. Increases in 

hydraulic conductivity by increasing the contribution of the PRT and CRT can be 

attributed to increases in void ratio of the specimens as shown in Fig. 4.20. As 

indicated earlier, the PRT and CRT grading characteristics caused an increase in void 

ratio of the specimens, which caused an increase in the hydraulic conductivity of the 

amended backfills. Fig. 4.21 shows the variations of the hydraulic conductivity with 

different PRT and CRT contents when the tests were conducted under different 

effective overburden stress. It is noteworthy to mention that an increase in effective 
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overburden stress caused a decrease in recorded hydraulic conductivity values. For 

instance, the recorded hydraulic conductivity values had the lowest values when the 

tests were conducted under an effective confining stress of 1280 kPa in comparison 

with lower effective overburden stresses.  
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Fig. 4.19. Hydraulic conductivity (k theory) as a function of effective overburden stress (σ'
n) 

for control SB backfill mixture and (a) PRT amended specimens; (b) CRT amended 

specimens 
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Fig. 4.20. Hydraulic conductivity (ktheory) as a function of void ratio (e) for control backfill 

mixture and (a) PRT amended specimens; (b) CRT amended specimens 
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Fig. 4.21. The computed hydraulic conductivity based on Terzaghi consolidation theory 

(i.e., ktheory) as a function of tyre content for SB control mixture and (a) PRT amended 

specimens; (b) CRT amended specimens  
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void ratio of the specimens. The reported trend in this section is consistent with the 

acquired hydraulic conductivity values by Terzaghi consolidation theory in the 

previous section.   

 

Table 4.4. A summary of hydraulic conductivity test results. 

Specimen 

 
Porosity, 

n 

 
Density 

 𝛾𝑑  (t/m3) 

 Measured Hydraulic Conductivity 

 k (m/s) 

   k, (m/s) kf average 

SB backfill 

     5.3 x 10-10  

5.2 x 10-10  0.48  1.36  4.8 x 10-10 

     5.6 x 10-10 

2PRT 

     5.2 x 10-10  

5.3 x 10-10  0.49  1.39  5.5 x 10-10 

     5.3 x 10-10 

5PRT 

     5.9 x 10-10  

5.6 x 10-10  0.49  1.36  5.3 x 10-10 

     5.5 x 10-10 

10PRT 

     5.5 x 10-10  

5.8 x 10-10  0.48  1.39  5.9 x 10-10 

     5.9 x 10-10 

2CRT 

     5.8 x 10-10  

6.1 x 10-10  0.48  1.38  6.1 x 10-10 

     6.3 x 10-10 

5CRT 

     6.2 x 10-10  

6.3 x 10-10  0.48  1.39  6.3 x 10-10 

     6.5 x 10-10 

10CRT 

     6.5 x 10-10  

6.6 x 10-10  0.48  1.38  6.5 x 10-10 

     6.8 x 10-10 
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4.2.6. Conclusions 

The generation of the scrap tyre has been an increasing trend in recent years, and 

finding innovative reusing methods is of great importance to reduce the negative 

impacts of these materials on the environment. Tyre has a high intrinsic sorption 

capacity of volatile organic compounds (VOCs) and has the potential for application 

in containment barriers, however, its effect on hydraulic conductivity and 

compressibility, two crucial engineering characteristics of the soil, is unknown. This 

study investigated the effect of powdered recycled tyre (PRT) and crumbed recycled 

tyre (CRT) addition on hydraulic conductivity and consolidation characteristics of the 

soil-bentonite (SB) backfill mixture. Investigation on deformation characteristics 

showed that the addition of PRT and CRT to the SB backfills mixtures increased the 

settlement characteristics of the specimens. In addition, investigations showed that the 

addition of PRT and CRT to the SB backfill mixtures increased the compression index 

(Ci) and swelling index (Cs) of the specimens. The coefficient of consolidation (cv) 

values calculated using the Casagrande and Taylor methods showed a good agreement 

between recorded ranges and trends. Furthermore, it was revealed that the addition of 

the PRT and CRT increased the cv values of the specimens. The hydraulic conductivity 

values computed using the Terzaghi consolidation theory (ktheory) incremented by 

increasing the PRT and CRT contents of the specimens. In addition, the rigid-wall 

hydraulic conductivity tests showed an increase after the addition of PRT and CRT 

contents. 
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Part 3  
Effect of lime and GGBFS on engineering 
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4.3. Effect of Lime and GGBFS on Engineering Properties of Soil  

4.3.1. Abstract 

Although lime is one of the most suitable binders in soil improvement projects, the 

associated environmental impact and some accompanying mechanical deficiencies 

should not be ignored. Partial substitution of lime with other binders is one of the ways 

of reducing the associated harm and improving the engineering properties of lime. This 

study investigated the effect of the partial substitution of lime with ground granulated 

blast furnace slag (GGBFS) on the strength and mechanical properties of lime 

stabilised clay by performing a total of 246 volumetric shrinkage strain (VSS), 

unconfined compressive strength (UCS) and ring shear (RS) tests. The VSS results 

demonstrated that the addition of GGBFS to lime is very effective in reducing the 

volumetric shrinkage of lime stabilised clay, and that the reduction in volumetric 

shrinkage behaviour is linearly related to curing period. The UCS results revealed that 

the partial replacement of lime with GGBFS led to significantly higher compressive 

strength for all ageing periods. The ring shear results also demonstrated that the partial 

replacement of lime with GGBFS led to a greater shear strength. Moreover, 

microstructural studies were performed to better understand the reactions of the 

mixtures. Scanning electron microscopy (SEM) and energy dispersive X-ray 

spectroscopy (EDS) carried out on selected specimens revealed that the addition of 

GGBFS in a lime stabilised clay results in production of the cementitious products in 

a faster rate. X-ray powder diffraction (XRD) test results revealed that the main 

hydration products are cementitious products such as calcium silicate hydrates (CSH), 

calcium aluminates (CAH). 
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4.3.2. Introduction 

Clay in lightly loaded foundation systems such as road and railway networks, 

compresses and changes its volume due to applied stresses and loss of moisture content 

(reactive clays) respectively. These defects lead to some irreversible failures to the 

structures that cost billions of dollars to remedy (Petry and Little 2002). The main goal 

in improvement of the mechanical behaviour of a fine-grained soil is to reduce the 

volume changes and to increase the strength (Petry and Little 2002). Many studied, 

tried to stabilise clay using different agents (Phetchuay et al. 2016; Brooks 2009; 

Kamruzzaman et al. 2009; Lee et al. 2005). However, lime (CaO) is known as the most 

applicable agent in pavement projects (Bell 1996; Prusinski and Bhattacharja 1999; 

Eades and Grim 1960) especially in improvement of a clayey subgrade (Petry and 

Little 2002).  

Addition of lime to a clay soil system containing water results in hydration, cation 

exchange and pozzolanic reactions. The lime absorbs the moisture of the soil and 

becomes hydrated lime(𝐶𝑎(𝑂𝐻)2) through a rapid reaction that produces a large 

amount of heat through the hydration process. This reaction is illustrated in Eq. (4.3.1) 

(Kitazume and Terashi 2013). 

𝐶𝑎𝑂 + 𝐻2𝑂 →  𝐶𝑎(𝑂𝐻)2 + 15.6 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 (4.3.1) 

The hydrated lime dissolves into the existing pore water and increases the 

concentration of calcium (Ca2+) and hydroxyl (𝑂𝐻)−1 ions (See Eq. (4.3.2)). Then 

cation exchange occurs between the ions of the clay grains and the calcium ions of the 

lime on the surface of the clay minerals (Bell 1996). 

𝐶𝑎(𝑂𝐻)2 →  𝐶𝑎2+ + 2 (𝑂𝐻)−1 (4.3.2) 
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The Ca2+ and (𝑂𝐻)−1 ions react with Al and Si minerals in the clay particles while 

they are in the pore water and undergo pozzolanic reactions and generate hydration 

products such as calcium aluminate hydrate (CAH), calcium silicate hydrate (CSH), 

and calcium aluminium silicate hydrate (CASH). These hydration products play the 

main role in soil stabilisation by lime. Eq. (4.3.3), (4.3.4) and (4.3.5) show the 

generation of hydration products (Bell, 1996; Al-Mukhtar et al. 2012).  

𝐶𝑎2+ + 2 (𝑂𝐻)−1 + 𝐴𝑙2𝑂3 → calcium aluminate hydrate  (4.3.3) 

𝐶𝑎2+ + 2 (𝑂𝐻)−1 + 𝑆𝑖𝑂2 →  calcium silicate hydrate  (4.3.4) 

𝐶𝑎2+ + 2 (𝑂𝐻)−1 + 𝐴𝑙2𝑂3 → calcium aluminium silicate hydrate  (4.3.5) 

Lime is very similar to Portland cement (PC) in terms of the internal reactions that 

occur in soil stabilisation and the associated production process and environmental 

hazards (Higgins 2007, Yi et al. 2013). Nowadays, the environmental impacts 

associated with lime application in terms of carbon emissions, energy consumption 

and cost have become a significant issue. For instance, European commission (2013) 

reported that the major environmental concerns associated with lime manufacturing 

are consumption of a highly amount of energy and major air pollutions. Another report 

raised same issues and indicated that lime production process is along with generation 

of toxic elements such as arsenic, lead, mercury, nickel, etc. which put the public 

health at risk (EPA 2004). 

In addition, although the application of lime enhances the engineering properties of 

soil to a certain extent, there are also some deficiencies. For instance, lime stabilisation 

has been shown to decrease the plasticity of the soil (Clare and Cruchley 1957) and 

lead to fragile collapse characteristics in specimens that rapidly lost strength at the time 
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of failure (Sabry et al. 1996). Therefore, the application of other additives such as fibre 

along with the lime to reduce its contribution or partial or full replacement of the lime 

with more environmentally friendly products has been encouraged by many 

researchers (Cai et al. 2006; Wild et al. 1998; 1999; James et al. 2008; Oti et al. 2014; 

Yi et al. 2015).  

Developments in knowledge have led to the production of new materials and 

consequently some new by-products. One of the by-products recently considered for 

use in geotechnical engineering is ground granulated blast furnace slag (GGBFS), 

which remains after the steel manufacturing process. Application of GGBFS in civil 

engineering projects is not only cost effective and energy saving but also reduces the 

carbon emissions and is environmentally friendly (Higgins 2007). Stabilisation clay 

using GGBFS has been subject of some recent studies (Vakili et al. 2016; Yi et al. 

2013). For instance, James et al. (2008), investigated effect of the GGBFS on a lime 

treated clay and concluded that addition of GGBFS for a fixed proportion of the lime 

caused an increase in production of the pozzolanic products and greater values of the 

unconfined compressive strength. In another study, Nidzam and Kinuthia (2010), 

indicated that application of the GGBFS, improves the engineering properties of the 

soil including strength, durability and its resistance to swelling. They also highlighted 

that application of the GGBFS has a lower environmental impact and is more cost 

effective in compare with other additives when applies as a soil stabiliser. Wild et al. 

(1999) indicated that the partially substitution of the lime with GGBFS to a certain 

amount, significantly reduced the sulphate expansion associated with sulphate bearing 

clay soil.   

Some researchers have employed GGBFS along with lime in their studies. For 

instance, Yi et al. (2015) partially substituted quick lime and hydrated lime with 
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GGBFS and compared the effect on mechanical and microstructural properties in the 

stabilisation of marine clay, reporting that the unconfined compressive strength (UCS) 

of the hydrated lime activated GGBFS was slightly better than for quick lime activated 

GGBFS. 

In another study, Wild et al. (1998) investigated the effect of partial replacement of 

lime with GGBFS in a clay soil stabilisation including sulphate. They reported that 

with regard to long-term effects, the stabilisation of clay using more GGBFS and less 

lime is very effective. When the percentage of GGBFS is lower and lime is higher, the 

addition of the gypsum is very effective for soil stabilisation. For short-term soil 

stabilisation, the addition of more GGBFS and less lime with gypsum was more 

effective due to acceleration of the hydration process.  

The aforementioned literature showed that although lime is an effective binder for soil 

stabilisation especially in pavement area, but the application of lime significantly 

consumes energy and is accompanied by some environmental impacts and negative 

mechanical characteristics. Therefore, this study designed to investigate effect of the 

reduction of lime contribution in clay stabilisation. There is a huge body of literature 

that investigates the soil’s characteristics such as volume changes, UCS and shear 

strength that highlights the importance of these properties of the soil (Wild et al. 1998; 

1999; James et al. 2008; Yi et al. 2013; Vakili et al. 2016). In one example, Cai et al. 

(2006) highlighted the importance of these characteristics by performing a series of 

shrinkage, UCS and shear strength tests on a clay treated with lime and fibre. In fact, 

the variations in the soil’s volume cause destructive risks for the structures such as 

deflection, settlement and damages to foundation (Petry and Little, 2002). Besides, 

ignorance of the strength characteristics makes a vulnerable structure for the soils 

against different stresses. Therefore, to figure out effect of the GGBFS addition on the 
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volume changes, compressive strength and shear strength of a lime treated clay, a 

series of experimental studies consist of VSS, UCS and RS tests were designed to 

investigate the effect of partially replacement of the lime with GGBFS. Moreover, 

some specimens were chosen for SEM and XRD analysis after being tested to 

understand the governing mechanisms in the specimens’ microstructures. 

 

4.3.3. Material Used 

The clay kaolinite employed to conduct the tests is commercially known as prestige 

NY and is supplied by Sibelco a local provider in Western Australia. It contains around 

93% kaolinite and roughly 7% quartz (Sibelco 2011) and has a liquid limit (LL) of 

58%, a plastic limit (PL) of 31% and a plasticity index of 27 (Purwana 2013), 

classifying it as a highly plastic soil group. The applied kaolinite has a specific gravity 

in a range of 2.66 to 2.7 and a pH value from 5.7 to 8.1 (Sibelco 2011). Fig. 4.22 

illustrates the particle size distribution (PSD) of the kaolinite and Fig. 4.23 is an SEM 

micrograph of its structure. The ordinary Portland cement (PC) used had a specific 

gravity ranging from 3 to 3.4 Mgram/m3 (BGC Cement 2013). 

The lime and GGBFS used in this study were purchased from Cockburn Cement and 

BGC Cement two local suppliers based in Perth, Western Australia. The used alkali 

GGBFS is a white powder that has a specific gravity in a range of 2.8 to 3.1 and a 

melting point of 1350°C (BGC Cement 2013). In addition, the employed lime has a 

specific gravity in a range between 2.1 and 2.3 and a bulk density of 200 to 500 kg/m3 

(Cockburn Cement 2012). Fig. 4.24 shows the SEM micrographs of the used GGBFS. 

Table 4.5 lists the chemical properties of the lime and Table 4.6 revealed the properties 

of the employed GGBFS. 
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Fig. 4.22. Particle size distribution of kaolinite. 

 

Fig. 4.23. SEM micrograph of the used kaolinite. 

 

Fig. 4.24. SEM micrograph of the used GGBFS  
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Table 4.5. The chemical properties of the lime (Cockburn Cement 2012)  

Lime composition Formula Percentage 

Calcium hydroxide Ca(OH)2 80–95% 

Magnesium hydroxide Mg(OH)2 0–6% 

Crystalline silica  SiO2 <1% 

Silicon dioxide, quartz SiO2 0–8% 

 

Table 4.6. The chemical properties of the GGBFS used in this study (BGC Cement 2013). 

GGBFS composition Formula Percentage 

Calcium oxide CaO 30‒50% 

Silica, amorphous SiO2 35‒40% 

Aluminium oxide Al2O3 5‒15% 

Sulphur S <5% 

 

4.3.4. Methodology 

To determine the effect of partial replacement of lime with GGBFS, two types of 

experimental study and microstructural study were performed. In the experimental 

section, three geotechnical laboratory tests including the volumetric shrinkage strain 

(VSS), unconfined compressive strength (UCS) and ring shear (RS) test were carried 

out and the microstructure was studied using X-ray powder diffraction (XRD), energy 

dispersive X-ray spectroscopy (EDS) and scanning electron microscopy (SEM). 
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4.3.4.1. Volumetric shrinkage Strain Tests 

Puppala et al. (2004) proposed a three-dimensional volumetric shrinkage strain test to 

combat the deficiencies in the conventional linear shrinkage bar test. This method has 

also been applied by other researchers (Fatahi et al. 2012; Fatahi et al., 2013; Puppala 

et al. 2013). In this method, the use of a cylindrical specimen means that there is no 

contact between the mould and specimens after extrusion, making the results more 

realistic. Moreover, different compaction conditions based on different moisture 

contents and dry densities can be simulated, which is not possible with the linear 

shrinkage bar test method (Puppala et al. 2013). 

To perform the tests, the materials were mixed in dry mode and thoroughly blended. 

When a dry uniform mixture was obtained, 75% water by volume was added to the 

mixture according to the recommendations made by Lorenzo and Bergado (2004), 

Fatahi et al. (2012a; 2012b), and Fatahi et al. (2013). The prepared mixture was poured 

into a 100 mm × 50 mm cylindrical mould in different layers and shaken using a 

vibration machine in order to minimise the trapped air and achieve a uniform sample 

with the minimum voids possible. The moulds had been lubricated for ease of 

extrusion before the pouring of the mixture. To help the hydration process and 

minimise the loss of moisture from the samples, the samples were sealed with caps 

placed on top of the moulds and left for 24 hours in a temperature-controlled room for 

bonding (Fatahi et al. 2013).  

After a 24 hour bonding period, the specimens were extruded from the moulds and 

samples were then placed in a water curing bath for 3, 7, 14, 21 and 28 days. In this 

study, a total of 150 three-dimensional volumetric shrinkage strain tests were 

performed.  
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Next, the variations in the diameter and height of each sample were recorded and the 

total volumetric shrinkage of specimens was calculated. Eq. (4.3.6) was used to 

calculate the volumetric variations (Fatahi et al. 2013).  

𝑉 =
𝑉𝑤 − 𝑉𝑑

𝑉𝑤
× 100% (4.3.6) 

 

Where V is the total volumetric shrinkage, Vw is the wet volume and Vd is the dry 

volume of the sample. 

In this study, a lime content and GGBFS content of 2, 4 and 6% was added to the clay 

as specified by Khemissa and Mahamedi (2014) and Wild et al. (1998). In addition, 

cement at percentages of 5, 10 and 15% with a 1:1 ratio of water was added to each 

specimen to promote the hydration process and to obtain a satisfactorily workable 

mixture (Mardani et al. 2015; Fatahi et al. 2013). The prepared samples were cured 

over five different ageing periods namely 3, 7, 14, 21 and 28 days. Table 4.7 represents 

a summary of the mix designs for full and partial replacement of the lime with GGBFS 

for volumetric shrinkage strain tests. 
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Table 4.7. A summary of the mix design for the volumetric shrinkage strain tests 

No. ID PC (%) Lime (%) GGBFS (%) Curing time (%) 

1 5PC 5 - - 3, 7, 14, 21, 28 

2 5PC-2L 5 2 - 3, 7, 14, 21, 28 

3 5PC-4L 5 4 - 3, 7, 14, 21, 28 

4 5PC-6L 5 6 - 3, 7, 14, 21, 28 

5 5PC-2G 5 - 2 3, 7, 14, 21, 28 

6 5PC-4G 5 - 4 3, 7, 14, 21, 28 

7 5PC-6G 5 - 6 3, 7, 14, 21, 28 

8 10PC 10 - - 3, 7, 14, 21, 28 

9 10PC-2L 10 2 - 3, 7, 14, 21, 28 

10 10PC-4L 10 4 - 3, 7, 14, 21, 28 

11 10PC-6L 10 6 - 3, 7, 14, 21, 28 

12 10PC-2G 10 - 2 3, 7, 14, 21, 28 

13 10PC-4G 10 - 4 3, 7, 14, 21, 28 

14 10PC-6G 10 - 6 3, 7, 14, 21, 28 

15 15PC 15 - - 3, 7, 14, 21, 28 

16 15PC-2L 15 2 - 3, 7, 14, 21, 28 

17 15PC -4L 15 4 - 3, 7, 14, 21, 28 

18 15PC-6L 15 6 - 3, 7, 14, 21, 28 

19 15PC-2G 15 - 2 3, 7, 14, 21, 28 

20 15PC-4G 15 - 4 3, 7, 14, 21, 28 

21 15PC-6G 15 - 6 3, 7, 14, 21, 28 

Partial lime replacement tests 

No. ID PC (%) Lime (%) GGBFS (%) Curing time (%) 

1 10PC-2L-2G 10 2 2 3, 7, 14, 21, 28 

2 10PC -2L-4G 10 2 4 3, 7, 14, 21, 28 

3 10PC -2L-6G 10 2 6 3, 7, 14, 21, 28 

4 10PC -4L-2G 10 4 2 3, 7, 14, 21, 28 

5 10PC -4L-4G 10 4 4 3, 7, 14, 21, 28 

6 10PC -4L-6G 10 4 6 3, 7, 14, 21, 28 

7 10PC -6L-2G 10 6 2 3, 7, 14, 21, 28 

8 10PC -6L-4G 10 6 4 3, 7, 14, 21, 28 

9 10PC -6L-6G 10 6 6 3, 7, 14, 21, 28 
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4.3.4.2. Unconfined Compressive Strength Tests 

Lime and GGBFS were mixed at the same percentages used for the shrinkage tests and 

the 50 mm × 100 mm cylindrical moulds were applied to perform the UCS tests. The 

methodology and sample preparation procedures were those recommended in ASTM 

D1633 (ASTM 2007) and by Yi et al. (2015). The specimens were wrapped in plastic 

bags and cured at three ageing periods of 3, 7 and 14 days in a moisture and 

temperature controlled room. Table 4.8 shows a summary of the designed and 

performed UCS tests. 

Table 4.8. A summary of the mix design for the unconfined compressive strength (UCS)  

No. ID PC (%) Lime (%) GGBFS (%) Curing time (%) 

1 10PC 10 - - 3, 7, 14  

2 10PC-2L 10 2 - 3, 7, 14  

3 10PC -4L 10 4 - 3, 7, 14  

4 10PC-6L 10 6 - 3, 7, 14  

5 10PC-2G 10 - 2 3, 7, 14  

6 10PC-4G 10 - 4 3, 7, 14  

7 10PC-6G 10 - 6 3, 7, 14  

8 10PC-2L-2G 10 2 2 3, 7, 14  

9 10PC-2L-4G 10 2 4 3, 7, 14  

10 10PC-2L-6G 10 2 6 3, 7, 14  

11 10PC-4L-2G 10 4 2 3, 7, 14  

12 10PC-4L-4G 10 4 4 3, 7, 14  

13 10PC-4L-6G 10 4 6 3, 7, 14  

14 10PC-6L-2G 10 6 2 3, 7, 14  

15 10PC-6L-4G 10 6 4 3, 7, 14  

16 10PC-6L-6G 10 6 6 3, 7, 14  
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4.3.4.3. Ring Shear Tests 

The effect of partial substitution of lime with GGBFS on the shearing strength of clay 

was determined by performing a series of ring shear tests. To perform the tests, a 

Bromehead ring shear apparatus was used with a modified (knurled surface) top bronze 

porous platen (Meehan et al. 2007). The specimen container had an inner diameter of 

70 mm and an outer diameter of 100 mm. The tick top platen had a hole in the top to 

release air pressure to reduce the impact of wall friction due to soil intrusion, according 

to the standard method for the torsional ring shear test to determine the drained residual 

shear strength of cohesive soils [(ASTM D6467 (ASTM 1999)].  

In order to prepare the samples, the reconstituted specimens with a moisture content 

equal to the plastic limit of the mixture (Harris and Watson 1997; Anayi et al. 1989) 

were kneaded into a 5 mm thick specimen container using a spatula and levelled off 

below the surface of the one-piece specimen container using a blade. The tests were 

run at an extremely low shearing rate to avoid generation of excess pore water pressure 

and the specimens were tested under three normal stresses of 50, 100 and 150 kPa. 

Table 4.3.5 shows the mix design of samples for this section. 
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Table 4.9. A summary of the mix design for the ring shear tests 

No. ID PC (%) Lime (%) GGBFS (%) Normal stress 

1 10PC 10 - - 50, 100, 150 

2 10PC-2L 10 2 - 50, 100, 150 

3 10PC -4L 10 4 - 50, 100, 150 

4 10PC-6L 10 6 - 50, 100, 150 

5 10PC-2G 10 - 2 50, 100, 150 

6 10PC-4G 10 - 4 50, 100, 150 

7 10PC-6G 10 - 6 50, 100, 150 

8 10PC-2L-2G 10 2 2 50, 100, 150 

9 10PC -2L-4G 10 2 4 50, 100, 150 

10 10PC -2l-6G 10 2 6 50, 100, 150 

11 10PC -4L-2G 10 4 2 50, 100, 150 

12 10PC -4L-4G 10 4 4 50, 100, 150 

13 10PC -4L-6G 10 4 6 50, 100, 150 

14 10PC -6L-2G 10 6 2 50, 100, 150 

15 10PC -6L-4G 10 6 4 50, 100, 150 

16 10PC -6L-6G 10 6 6 50, 100, 150 

 

4.3.5. Results and Discussion 

4.3.5.1. Volumetric Shrinkage Strain Tests 

4.3.5.1.1. Effect of Lime Addition 

Fig. 4.25(a) depicts the typical relationship between volumetric shrinkage strain and 

curing time for different lime contents. The effect of adding lime to the mixture is 

obvious in comparison with the untreated specimen. The figure shows that there is a 

gradual decrease in volumetric strain with an increase in curing time. In addition, Fig. 

4.25(b) shows the variation in volumetric shrinkage versus lime content after different 

curing periods. It can be clearly seen that the addition of lime at various percentages 

reduced the shrinkage capacity of the soil. 
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There is a systematic mechanism in the shrinkage process that the flaky clay particles 

with a negative charge on their surface and positive charges at their edges react with 

the cations in the water, creating a balance in electrical charge. In fact, when the 

balance between the internal electrochemical force of the soil and water with external 

stresses and matric suction is broken, shrinkage occurs (Nelson and Miller 1997). 

Temperature as an external force can break the inter-particle balance and cause the 

shrinkage. 

A decrease in the width of the clay’s double layers or substitution of the existing ions 

by bivalent cations of calcium reduces the volume shrinkage capacity in the lime 

stabilised clay, however this reduction is negligible (Sivapullaiah et al. 2000). Lambe 

(1958) noted that the main reason for the reduction in the shrinkage capacity of lime 

stabilised clay could be the average grain inclination of the flaky clay particles. In fact, 

parallel-oriented clay grains have a greater volume shrinkage capacity than a clay with 

a fluctuated/agglomerated particle texture. The rate of fluctuation increases even more 

with an increase in curing time. Bell (1996) and Cai et al. (2006) have reported the 

same trend in the shrinkage behaviour of clay after the addition of lime. 
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4.3.5.1.2. Effect of GGBFS on Shrinkage 

The variations in volumetric shrinkage versus curing time in terms of different 

percentages of GGBFS content were plotted in Fig. 4.26(a). It can be clearly seen that 

the addition of GGBFS reduced the volumetric shrinkage capacity. Fig. 4.26(b) also 

shows the relationship between volumetric shrinkage and GGBFS percentages for 

different curing periods. It can be seen that the volumetric shrinkage decreased by 

increasing the curing time. 

 

 

Fig. 4.25. (a) Typical relationship between volumetric shrinkage and curing time for 

different percentages of lime. (b) Typical relationship between volumetric shrinkage 

and different percentages of lime after different curing times. 
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Puppala et al. (2004) noted that the reduction of shrinkage capacity can be due to an 

improvement in the tensile strength of the soil. They indicated that internal soil 

reactions lead to the enhancement of cohesion, increasing the soil’s tensile resistance. 

Addition of GGBFS increases the tensile strength of soil (Gennadii and Ilya 2013), 

therefore reducing its shrinkage capacity. Fig. 4.27(a) depicts the cracking observed 

after shrinkage due to a lack of tensile strength. Fig. 4.28(b) shows that the addition of 

GGBFS to the clay improved the tensile strength of the soil and reduced the cracking.  

 

 

Fig. 4.26. (a) Typical relationship between volumetric shrinkage and curing time for 

different percentages of GGBFS (b) Typical relationship between volumetric 

shrinkage and different percentages of GGBFS after different curing periods 
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Fig. 4.27. (a) The cracks that developed due to shrinkage in an untreated specimen after 28 

days curing (b) Samples (1) 10PC-6G, (2) 10PC-4G and (3) 10PC-2G after 28 days 

curing, showing the effect of the GGBFS in reducing cracking due to shrinkage 

 

4.3.5.1.3. Effect of Partial Replacement of Lime with 

GGBFS 

Fig. 4.28(a) illustrates the variation in volumetric shrinkage with different percentages 

of GGBFS mixed with 2% lime, while Fig. 4.28(b) depicts the variation in volumetric 

shrinkage with different percentages of lime mixed with 2% GGBFS at different curing 

times.  
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It can clearly be seen that the addition of GGBFS with a certain amount of lime (2%) 

decreased the volumetric shrinkage strain in the clay. The rate of shrinkage reduction 

by the addition of lime with a fixed percentage of GGBFS showed a declining trend, 

however it was less steep, meaning that the addition of GGBFS is more effective than 

the addition of lime in reducing the shrinkage behaviour of the soil. In fact, the addition 

of GGBFS to the specimens, compared with lime, accelerated the production of 

cementitious crystalline products such as CSH, CAH and CASH and promoted the 

fluctuation and agglomeration of the soil, consequently reducing the volumetric 

shrinkage (Obuzor et al. 2012).  

 

 

Fig. 4.28. (a) The relationship between volumetric shrinkage and different percentages of 

GGBFS content and 2% lime for different curing times. (b) The relationship between 

volumetric shrinkage and different percentages of lime content and 2% GGBFS for 

different curing times 
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4.3.5.2. Effect of GGBFS-Lime Ratios on Compressive 

Strength 

Fig. 4.29(a) shows the variations in unconfined compressive strength (UCS) with lime 

content for different curing periods. As expected, there was a gradual increasing trend 

with the addition of lime and increase in curing time.  

Fig. 4.29(b) shows the relationship between unconfined compressive strength with 

GGBFS-lime ratios at different curing periods. The results showed that the addition of 

different percentages of GGBFS to a certain percentage of lime (2%) significantly 

improved the compressive strength of the specimens. This trend could be attributed to 

the role of GGBFS in the acceleration of the production of the cementitious crystalline 

products in the lime stabilised clay specimens.  

The effect on the pozzolanic reactions of an increase in curing time is more 

pronounced. In fact, the calcium ions (Ca++) generated from GGBFS and lime become 

distributed among the clay flaky particles, promoting the formation of pozzolanic 

products such as CSH, CAH and CASH (James et al. 2008). This causes an increase 

in UCS with an increase in curing time. This trend can be accelerated by the addition 

of higher percentages of GGBFS to the mixture in order to produce more crystalline 

products and consequently increase the compressive strength (Obuzor et al. 2012). 
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Fig. 4.29. (a) Results for unconfined compressive strength (UCS) in mixtures of clay with 

different ratios of lime. (b) Results for unconfined compressive strength (UCS) in 

mixtures of clay with different ratios of GGBFS-lime. 

 

4.3.5.3. Effect of GGBFS-Lime Ratios on Shear 

Strength 

Fig. 4.30(a) depicts the typical results of ring shear tests on lime treated clay and Fig. 

4.30(b) illustrates the shear strength for different percentages of GGBFS and 2% lime 

under different vertical stresses. 

As can be seen, the shear strength of the lime treated specimens increased with an 

increase in lime content and curing time, however the addition of GGBFS to lime 
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attributed to the pozzolanic reactions occurring during the curing period, generating of 

the cementitious products that promote bonding and interlocking forces amongst clay 

grains and consequently leading to greater shear strength. An increase in lime content 

promoted the production of these cementitious products and increased the strength of 

the soil, but the addition of GGBFS accelerated the generation of the pozzolanic 

products and led to an increase in the shear strength (Obuzor et al. 2012). 

 

 

Fig. 4.30. (a) Results of shear strength tests on mixtures of clay and cement with different 

S/L ratios under 50 kPa normal stress. (b) Results of shear strength tests on mixtures 

of clay and cement with different S/L ratios under 100 kPa normal stress 
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4.3.5.4. Microstructural Study 

To fully understand the inter-particle reactions of GGBFS and lime mixed with clay, 

it was necessary to perform a series of micro-analytical studies. In the following 

sections, SEM/EDS and XRD studies were presented. 

 

4.3.5.4.1. SEM/EDS Characterisation 

Fig. 4.31(a-d) illustrates a series of typical scanning electron micrograph (SEM) 

characterisations of a 28-day specimen of clay mixed with 6% GGBFS and 2% lime 

for a morphological analysis of the reactions occurring amongst the minerals. 

 A uniform surface with a series of grooves, openings and cracks can be seen in Fig. 

4.31(a). This can be attributed to water reduction due to evaporation that increased the 

porosity and consequently a permeable texture for the soil structure. Fig. 4.31(b-d) 

shows the porous nature of the mixture from a more detailed micrograph. Yi et al. 

(2015) indicated that lime and GGBFS mixed clay specimens have a reticulated 

structure however with less porosity than PC treated clay due to different nature and 

amount of generated hydration products. The larger-size pores were filled due to 

hydration reactions and converted to the small-size pores in the specimens of GGBFS-

lime mixed with clay.   

Similarly, the cracks and groves were observed in the mixtures of GGBFS-lime mixed 

with clay by James et al. (2008). They also noted that increasing of the lime proportion 

to a certain amount of the GGBFS increased the fragility properties of the mixture 

comparison with lime mixed with clay and increasing the proportion of GGBFS to a 

constant amount of lime led to generation of more cementitious products and 

consequently more strength for the mixture. Effect of the mentioned cementitious 
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products such as CSH, CAH and CASH can be seen in the Fig. 4.31(b-d). Although, 

the nature and the morphology of the observed cementitious products in Fig. 4.31(d) 

was similar to that was observed in Fig. 4.31(b-c) that is a fluctuated and gel-like 

microstructure but an amorphous and fibrous spot of the hydration products was 

observed in the Fig. 4.31(d) as it can be attributed to the different ratios of the calcium 

and silicate was produced by cementitious products (Yi et al. 2015). 

Fig. 4.31(c) depicted that only a small amount of the needle-like ettringite was 

generated due to presence of the sulphate (Obuzor et al. 2012). In fact, addition of the 

GGBFS was led to suppression of the ettringite formation due to increasing the 

formation of the cementitious products and more density and consequently more 

strength for the mixture (Wild et al. 1999; Puppala et al. 2003). In other words, 

progressive substitution of the lime with GGBFS was led to progressive adjustment of 

the ettringite formation of the mixture (Tasong et al. 1999). The above mentioned 

conclusions are in coincidence with acquired results in the mechanical properties 

sections and with XRD analysis in the next section.  

 

a 
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Fig. 4.31. (a) Scanning electron micrograph of a 28 day cured GGBFS mixed with lime at 

a ratio of (6:2) at a micrograph of 100 µm and (b) scanning electron micrograph of a 

28 day cured GGBFS mixed with lime at a ratio of (6:2) showing the formation of 

cementitious crystalline products after pozzolanic reactions, (c) showing the presence 

of a small amount of needle-like ettringite, and (d) showing other forms of 

cementitious material (amorphous and fibrous).  
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4.3.5.4.2. XRD Analysis 

A series of 28-day cured samples were selected to perform the XRD analysis. Fig. 4.32 

shows the XRD patterns for untreated soil, clay mixed with 6% GGBFS, clay mixed 

with 6% lime and clay mixed with GGBFS-lime with a 6:2 ratio. In all patterns, the 

kaolinite (𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4) and quartz ( 𝑆𝑖2𝑂4) were common detected minerals 

presenting the nature of the applied kaolinite. Presence of the halloysite (H) in the 

acquired xrd pattern of the untreated soil clearly indicates that the employed clay 

belongs to the kaolinite group.       

GGBFS when mixed with clay without any other activator is able to produce only a 

low amount of the hydration products after a long time curing period (Nidzam and 

Kinuthia 2010). In fact, when the GGBFS is in a moist condition, it forms a 𝐴𝑙 − 𝑆𝑖 −

𝑂 layer on the surface of its particle. However, the pH of the mixture and 𝑂𝐻− increase 

due to absorbed 𝐻+ ions by this layer, but it is not sufficient to break the 𝐴𝑙 − 𝑂 and 

𝑆𝑖 − 𝑂 bonds to generates the hydration products and only a small amount of the CSH 

will be generated after a long time curing time. Therefore, application of the GGBFS 

is based on the power of its activator for breaking this bonds (Caijun and Day 1993). 

The analysed pattern for the mixture of the GGBFS with clay presenting formation of 

the CSH that is due to addition of the PC as an activator.  

Ettringite was not observed in the GGBFS mixed with clay pattern as it is an early 

hydration product generates in GGBFS activation (Nidzam and Kinuthia 2010).  

In the XRD pattern of lime mixed with clay the cementitious products was observed. 

In fact, the CSH gel forms due to reactions of the alumina and silica in the clay 

structure and water and lime become stronger and binds the soil structure together and 

d 

Fibrous cementitious 

products (CSH,CAH, CASH) 
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produce a relatively fragile structure (Arabi and Wild 1989). This strength increased 

by addition of the curing period as the 𝐴𝑙2𝑂3 and 𝑆𝑖𝑂2 progressively dissolute 

reactions to generate the CSH (Croft, 1964). In addition, trace of the ettringite was 

observed indicating the presence of the sulphate in the clay (Nidzam and Kinuthia 

2010).  

No trace of the portlandite was detected in the mixture of the GGBFS-lime mixed with 

clay as the pozzolanic reactions and activation of the GGBFS consumed it (Nidzam 

and Kinuthia 2010). GGBFS is able to produce only a low amount of the cementitious 

products by its own. Addition of the lime led to provision of the required alkali for 

activation of the GGBFS and generating the hydration products and increasing the 

production of the cementitious products and consequently increasing the strength of 

the mixture (Higgins 1998). The stronger reflections from cementitious products was 

seen in the GGBFS-lime treated clay than in specimens treated only with GGBFS or 

lime (see Fig. 4.32), confirming the results of the shrinkage and strength tests.  
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Fig. 4.32. XRD crystalline phase analysis of untreated clay, 28 day cured clay treated with 

6% GGBFS, 6% lime and GGBFS-lime at a ratio of (6:2). The abbreviations are: Q-

quartz, K-kaolinite, CSH-calcium silicate hydrate, CAH-calcium aluminate hydrate, P-

portlandite, E-ettringite. H-halloysite 

 

4.3.6. Conclusions 

In this study, a total of 246 shrinkage, unconfined compressive strength and ring shear 

tests were performed to investigate the effect of lime mixed with GGBFS on the 

engineering properties of clay at different curing periods. The following conclusions 

can be drawn from the results of the tests performed: 

1. Application of GGBFS as a by-product material led to a reduction in the cracks 

generated due to shrinkage by increasing the tensile strength of the soil. 
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fluctuation and agglomeration and consequently less shrinkage behaviour. In 

addition, the pozzolanic reactions that occurred showed a positive effect in 

reducing volumetric shrinkage.  

3. Addition of GGBFS to a certain amount of lime significantly improved the 

unconfined compressive strength and shear strength properties of the soil 

compared with lime mixed with clay mixtures, due to the acceleration of the 

production of cementitious products such as CSH and CAH and the pozzolanic 

reactions occurring during the curing time.  

4. The microstructural analysis results showed that the mixture of GGBFS and 

lime produced cementitious crystalline products and a small quantity of 

ettringite, as seen in the SEM micrographs. Furthermore, the intense effect of 

hydration products such as CSH, and CAH was observed in the XRD patterns 

of the GGBFS-lime mixture. 
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Part 4 
Shear Strength Characteristics of Over-

consolidated Clay Treated with GGBFS 
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4.4. Shear Strength Characteristics of Over-consolidated Clay 

Treated with GGBFS 

4.4.1. Abstract 

Ground granulated blast furnace slag (GGBFS) is an industrial by-product material 

that its application in ground improvement projects is a well-established practice. This 

study is focused on investigating the effect of GGBFS on drained shear strength 

characteristics of an over-consolidated clay by performing a series of direct shear tests. 

The tests are conducted on untreated clay and clay treated with 3%, 5%, and 7% 

GGBFS (by dry weight of the soil). The results depicted that increasing the GGBFS 

contents increased the mobilised peak and residual shear strength of the tested clays. 

In addition, the specimens containing GGBFS showed a greater and more contradictive 

peak due to sudden breakage of the cementitious bonds. The cohesion (c) values in 

fully softened and residual conditions showed an increasing trend upon increasing the 

GGBFS contents and curing time. However, in the residual condition, it dropped to a 

very low range (2.8 ≤ cr ≤ 8 kPa). Further investigation showed that friction angle (ϕ) 

and slope (𝑚) values slightly decreased by increasing the GGBFS content and curing 

time in both peak and residual condition.  

 

4.4.2. Introduction 

Each year 1.4 billion tonnes production of Portland cement (PC) is responsible for 5% 

of carbon dioxide emission in the atmosphere (Higgins 2007). Application of an 

environmental-friendly alternative for PC helps to reduce the energy use, emission of 

carbon dioxide and promotes sustainable development. Numerous studies have 

investigated substitution effect of ground granulated blast furnace slag (GGBFS) with 
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PC (Keramatikerman et al. 2016; Vakili et al. 2016; James et al. 2008; Wild et al. 

1998). The GGBFS is a by-product material that is manufactured from iron blast 

furnaces in steel companies. This product consists of silicates and alumino-silicates of 

lime and has potential cementitious reactivity similar to PC (Nidzam and Kinuthia 

2010; Lee 1974).  

In general, fully softened and residual shear strength are considered as the drained 

shear strength of the clay (Stark et al. 2005). The residual shear strength applies to 

clayey slopes and shearing zones. The fully softened corresponds to the situation after 

an over-consolidated clay has absorbed the maximum amount of water and reached 

the equilibrium condition (Stark et al. 2005). It has been indicated by Skempton (1970) 

that fully softened shear strength is equal to the drained peak shear strength of a 

consolidated specimen in a normal condition.      

To study stability analysis of the slopes and landslides, evaluation of the shear strength 

of the clay is one of the most crucial factors as it presents the largest uncertainty (Stark 

et al. 2005). The fully softened shear strength, residual shear strength, cohesion and 

friction angle are effective parameters to study drained shear strength characteristics 

of a slope.    

Although, many studies have been conducted to investigate the effect of GGBFS on 

mechanical characteristics of the soil, behaviour of clay treated with GGBFS in an 

over-consolidated condition is a gap in the literature. Therefore, this study aims to 

investigate drained shear strength characteristics of a type of Western Australian local 

clay after treatment with GGBFS by performing a series of direct shear tests.  
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4.4.3. Materials Used 

The used clay was collected from Rockingham area a suburb located in southern part 

of Perth, Western Australia. To collect the soil, 1 meter of the top soils were removed, 

and the clay was collected. The clay after the collection was left in an oven at a 

temperature of 105 ± 5 °C for 24 hours to be dried. Next, it was manually crushed and 

subjected to the particle size analysis [ASTM D4221 (ASTM 2011b)], index properties 

[ASTM D4318 (ASTM 2010)], X-ray powder diffraction (XRD) and the scanning 

electron microscopic (SEM) tests. The results of the particle size distribution (PSD) 

and index properties tests are summarised in Table 4.10. According to the unified soil 

classification system (USCS) [ASTM D2487 (ASTM 2011a)], the used soil is 

classified as a high plasticity clay (CH). The XRD analysis showed that the used clay 

belongs to the kaolinite clay group and mainly contains kaolinite, some nontronite and 

montmorillonite minerals. The scanning electron microscopy (SEM) studies showed 

that the used clay has a polygonal flaky topography with formed small pores and 

grooves on its surface [See Fig. 4.33]. The GGBFS used in this study was purchased 

from BGC cement, a local supplier in Perth. GGBFS has a specific gravity in the range 

of 2.8-3.1 and a melting point of 1350° C (BGC Cement 2013). Fig. 4.34 shows the 

SEM micrograph of the used GGBFS. 
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Table 4.10. Particle size distribution (PSD) and index properties of the Rockingham clay 

used to perform the tests 

Rockingham clay properties 

Soils properties   Sieve analysis 

Description  value   PSD (mm)  Passing (%) 

Gs  2.81   0.0001  1 

LL  88   0.0004  10 

PL  37   0.008  25 

PI  51   0.01  35 

Cc  1.69   0.04  55 

Cu  6.25   0.075  75 

-  -   0.15  100 

 

 

 

Fig. 4.33. Scanning electron microscopic (SEM) image of the used Rockingham clay. 

 

Opening 
Groove 



141 

 

 

Fig. 4.34. Scanning electron microscopic (SEM) image of the used GGBFS. 

 

4.4.4. Methodology 

To investigate the effect of GGBFS on drained shear strength characteristics of the 

over-consolidated clay, a series of direct shear tests were designed and conducted. A 

digital Impact direct shear device was employed to perform the test. To prepare the 

mixtures, GGBFS was mixed with clay in the percentages of 3%, 5%, and 7% (by dry 

weight of the soil) in dry condition and thoroughly mixed. When a uniform dry mixture 

was attained a moisture content equal to optimum moisture content (OMC) was added 

to each mixture acquired from the standard compaction proctor test [ASTM D698 

(ASTM 2012a)]. The mixture was completely blended until a uniform texture was 

obtained. A square 60 x 60 mm steel mould was used to prepare the specimens. The 

mixtures were placed in the mould in three layers and compacted with a specific energy 

according to ASTM D698 (ASTM 2012a) until the targeted maximum dry density 

(MDD) was acquired. To over-consolidate the specimens, the mould containing 

specimen after preparation were mounted on the direct shear device and subjected to 

an incremental loading of 1, 5, 10, 20, 40, 80, 160, 320, 640 and 1280 kPa according 

to the ASTM D3080 (ASTM 2011d). The specimens were then unloaded in the reverse 

order of loading. The loading and unloading of specimens was conducted in a fully 



142 

 

inundate condition. Each loading and unloading stage took 24 hours for completion. 

When the last stage of unloading completed and swelling of the specimen stopped, the 

water contained inside the direct shear carriage was discharged, and the specimen was 

extruded from the mould. The specimens were wrapped in a sealed plastic bag and left 

in a moist and temperature controlled room to be cured for 7, 14, and 28 days. It has 

been indicated that the residual shear strength condition in an over-consolidated clay 

with a flattened-like appearance of clay minerals occurred after a major consecutive 

plane of discontinuity (Askarani and Pakbaz 2016; Terzaghi et al. 1996). Therefore, 

the specimens were sheared in a series of discontinued shearing displacements. 

Initially, the test was performed on the intact specimen until 5 mm displacement was 

observed (Askarani and Pakbaz 2016). The mould containing the specimen brought 

out carefully from the carriage and cut off from the sheared line which was placed in 

the middle of upper and lower halves. The test continued by connecting the 

disconnected upper and lower halves and sheared until another 5 mm displacement. 

The recent step was repeated until the final residual state of the specimen recorded. In 

fact, this step is the maximum mobilised shear strength in two consecutive sequences, 

and are almost equal. The specimens were sheared under an effective normal stress 

(σ′n) of 50, 100, 200, and 400 kPa. Table 4.11 shows the experimental program 

designed to perform the tests. The specimens were sheared at a very slow shearing rate 

of 0.018 mm/min to avoid generation of the excess pore water pressure.  
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Table 4.11. Experimental program to perform the tests in this study 

No. ID GGBFS (%) Normal load Curing time 

1 C 0 50, 100, 200, 400 7 

2 C-3%G 3 50, 100, 200, 400 7 

3 C-5%G 5 50, 100, 200, 400 7 

4 C-7%G 7 50, 100, 200, 400 7 

5 C-7%G 7 50, 100, 200, 400 14, 28 

 

4.4.5. Results and Discussion 

4.4.5.1. Effect of GGBFS Contents  

Fig. 4.35 shows typical discontinued graphs for variation of shear strength versus 

displacement (τ-ε) for untreated clay and clay treated with 3%, 5%, and 7% GGBFS 

under 100 kPa effective normal stress (σ′n) after 7 days curing time. As can be seen 

from Fig. 4.35(a) for untreated clay specimen, it took a longer time and distance (6 

sequences) to reach the residual condition in comparison with GGBFS treated 

specimens (5 sequences). The untreated clay has a fully softened shear strength (τfs) of 

79 kPa at the first step and a final residual shear strength (τr) of 46 kPa at the final step. 

The recorded fully softened and residual shear strength of 3% GGBFS treated 

specimens increased to 105 and 57 kPa as can be seen from Fig. 4.35(b). A similar 

trend was recorded for fully softened and residual shear strength when the GGBFS 

contents of the soil increased to 5% and 7% [see Fig. 4.35(c, d)]. This increase was in 

the range of 128 ≤ τfs ≤ 142 kPa and 65 ≤ τr ≤ 74 kPa for fully softened and residual 

shear strength values respectively. Fig. 4.36 shows a typical continued graph for 

variation of the shear strength versus displacement for different GGBFS contents 

under 100 kPa effective normal stress which acquired from discontinued graphs. As 
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can be seen, the untreated specimen has a less contractive peak in comparison with 

GGBFS treated specimens whereas, the GGBFS treated specimens showed more 

dilative peaks. This behaviour might be attributed to the addition of GGBFS that 

caused the formation of the cementitious products amongst soil particles. In GGBFS 

treated specimens, due to sudden breakage of the cementitious bonds that created 

amongst particles, the recorded peaks are more distinct in comparison with the 

untreated clay (Askarani and Pakbaz 2016). The clay particles in GGBFS treated 

specimens have a lower capability to absorb water due to cementitious reactions 

amongst clay and GGBFS grains. Therefore, the capability of swelling for GGBFS 

treated specimens is less than that of untreated specimens, and they have lower 

dilations.    
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Fig. 4.35. Typical discontinued graphs for variation of shear stress versus displacement (τ-

ε) under 100 kPa effective normal stress for (a) untreated clay; (b) clay treated with 

3% GGBFS; (c) clay treated with 5% GGBFS; (d) clay treated with 7% GGBFS. 

 

 

Fig. 4.36. A typical graph for variation of shear stress versus displacement (τ-ε) under 100 

kPa effective normal stress acquired from discontinued graphs   
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4.4.5.2. Effect of Effective Normal Stress (σ′n) 

Fig. 4.37 shows the failure envelopes for untreated and GGBFS treated specimens 

under 50, 100, 200, and 400 kPa effective normal stresses (σ′n) in fully softened and 

residual conditions. As can be seen in both figures, the computed failure envelopes 

have a non-linear relation due to the generation of the cementation bonds. The failure 

envelope for fully softened shear strength showed more distinct peaks as can be seen 

in Fig. 4.37(a). The fully softened shear stress values for 7% GGBFS treated specimens 

were the highest and in the range of 158 ≤ τfs ≤ 331 kPa under 50 and 400 kPa effective 

normal stress respectively whereas, the fully softened shear strength of the untreated 

specimens was at the lowest and in the range of 103 to 267 kPa under 50 and 400 kPa 

effective normal stress. However, the failure envelopes of the untreated and GGBFS 

treated specimens were non-linear but they showed more dilative trend as shown in 

Fig. 4.37(b). Similar to fully softened condition, the 7% GGBFS treated specimen had 

the highest values in the range of 52 ≤ τr ≤ 152 kPa under 50 and 400 kPa effective 

normal stress (σ′n) and untreated specimens had the lowest values of the residual shear 

strength (i.e., 28 ≤ τr ≤ 121 kPa under 50 and 400 kPa effective normal stress 

respectively).                
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Fig. 4.37. Failure envelope for untreated and GGBFS treated clay specimens (a) fully 

softened; (b) residual. 

 

Terzaghi et al. (1996) proposed Eq. (4.4.1) to calculate drained shear strength of an 

over-consolidated clay. 

𝜏𝑝 = 𝜎𝑛
′ tan 𝜑. [𝑂𝐶𝑅]1−𝑚 (4.4.1) 

Where 𝜏𝑝= intact mobilised shear strength; 𝜎𝑛
′ = effective normal stress; OCR= over-

consolidation ratio; 𝜑= internal friction angle; 𝑚 = slope. The Eq. (4.4.1) indicates 

that the drained shear strength of an over-consolidated clay is greater than the normally 

consolidated clay by multiplying the [𝑂𝐶𝑅]1−𝑚 parameter. The 𝑚 value in each 

specimen is a factor of normal stress and curvature of the failure envelope. Fig. 4.38 

shows variation of logarithm fully softened shear strength versus logarithm effective 

normal stress (log εp - log σ′n) for untreated and GGBFS treated specimens. The 𝑚 

values were computed for each specimen based on those graphs. Generally, the 𝑚 

value of a normally consolidated clay is 1 and this value is 0 for the intact or the 

cemented clay (Terzaghi et al. 1996; Mesri and Abdel-Ghafar 1993). As can be seen 

from the figures, the 𝑚 value for 7% GGBFS treated specimen is 0.494, while this 

value increased to 0.50, 0.509 and 0.514 for 5%, 3% GGBFS treated and untreated 
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specimens respectively. The cohesion (𝑐𝑓𝑠) values also, were computed according to 

the presented failure envelopes. It can be seen that addition of GGBFS increased the 

𝑐𝑝 values of the specimens. For instance, while this value for untreated clay was 10 

kPa, this value increased to 23, 35, and 40 kPa for 3%, 5%, and 7% GGBFS treated 

specimens. The increase in 𝑐𝑝 values of the GGBFS treated specimens attributed to 

promotion of the cementitious bonds amongst soil particles. 

Table 4.12 shows a summary of the computed 𝑚𝑟 and 𝑐𝑟 values in residual condition. 

As can be seen from the table, increasing the GGBFS content caused a slight decrease 

for 𝑚𝑟 parameter. For instance, the untreated soil has a 𝑚𝑟value of 0.27 whereas this 

value decreased to 0.268, 0.262, and 0.257 by addition of 3%, 5%, and 7% GGBFS to 

the specimens. The cohesion (𝑐𝑟) values showed an increasing trend; however, in a 

much lower range in comparison with fully softened condition. For instance, the 

𝑐𝑟value for untreated specimen was 2.8 kPa, whereas this value increased to the range 

of 4 ≤ 𝑐𝑟 ≤ 8 kPa when 3% to 7% GGBFS was added to the specimens.  
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Fig. 4.38. Failure envelope shows drained shear strength characteristics in fully softened 

condition for (a) 7% GGBFS treated specimens; (b) 5% GGBFS treated specimens; 

(c) 3% GGBFS treated specimens; (d) untreated specimens. 
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Table 4.12. A summary of drained fully softened and residual shear strength characteristics 

of untreated clay and clay treated with different GGBFS contents. 

Parameter   
 Untreated 

clay 

 3% 

GGBFS 

 5% 

GGBFS 

 7% 

GGBFS 

Cohesion, 𝑐𝑓𝑠 (kPa)  10  23  35  40 

Friction angle, ϕfs 

(degree)  

 27.2  27  26.6  26.3 

Slope, 𝑚𝑓𝑠  0.514  0.509  0.500  0.494 

Cohesion, 𝑐𝑟  (kPa)  2.8  4  6  8 

Friction angle, ϕr 

(degree)   

 15.1  15.0  14.68  14.41 

Slope, 𝑚𝑟  0.27  0.268  0.262  0.257 

 

 

4.4.5.3. Effect of Curing Time  

To investigate the effect of curing time on GGBFS treated over-consolidated clay, the 

specimens containing 7% GGBFS were selected and cured for 7, 14, and 28 days. The 

observed fully softened, and residual shear strength curves were similar to those 

reported in the previous section in terms of contraction and dilation. Increase in both 

fully softened and residual shear strength values of the GGBFS treated specimens can 

be attributed to the generation of the pozzolanic reactions amongst GGBFS and clay 

particles that caused the production of more hydration products and accordingly led to 

a higher value of shear strength (Vakili et al. 2016).  

Table 4.4.4 shows a summary of drained shear strength characteristics of untreated 

clay and clay treated with 7% GGBFS after 7, 14, and 28 days curing time. As can be 

seen from the table, cohesion (cp) values of the specimens increased by increasing the 

curing time. For instance, this value was in the range of 40 ≤ cfs ≤ 49 kPa and 8 ≤ cr ≤ 
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13.6 kPa for fully softened and residual shear strength of the GGBFS treated specimens 

after 7 to 28 days curing time. Conversely, friction angles showed a decreasing trend 

in both fully softened and residual conditions. For instance, friction angle was in the 

range of 25.7° ≤ ϕfs ≤ 26.3° and 13.9° ≤ ϕr ≤ 14.4° for 7% GGBFS treated specimens 

after 28 to 7 days curing time.    

 

Table 4.13. A summary of drained fully softened and residual shear strength characteristics 

of untreated clay and clay treated with 7% GGBFS at 7, 14, and 28 days curing time 

Parameter   

 
Untreated 

clay 

 7 days 

curing 

(days) 

 
14 days 

curing (days) 

 
28 days 

curing (days) 

Cohesion, 𝑐𝑓𝑠 

(kPa) 

 10  40  44  49 

Friction angle, ϕfs 

(degree)  

 27.2  26.3  26  25.7 

Slope, 𝑚𝑓𝑠  0.514  0.494  0.487  0.481 

Cohesion, 𝑐𝑟  

(kPa) 

 2.8  8  10.2  13.6 

Friction angle, ϕr 

(degree)   

 15.1  14.41  14.09  13.87 

Slope, 𝑚𝑟  0.27  0.257  0.251  0.247 

 

4.4.6. Conclusions 

A series of direct shear tests were performed on reconstituted specimens of the 

Rockingham clay to investigate the effect of GGBFS addition on drained shear 

strength characteristics of the clay in the over-consolidated condition. The following 

conclusions can be drawn from the results; 



152 

 

- Increasing the GGBFS contents of the specimens caused the formation of 

contradictive peaks for GGBFS treated specimens and a dilative peak for the 

untreated specimen. This behaviour was attributed to sudden breakage of 

cementitious bonds of the GGBFS treated specimens. 

- The drawn failure envelope curves for untreated and GGBFS treated specimens 

showed a non-linear trend. This trend was more distinct especially for GGBFS 

treated specimens where production of the hydration products was promoted. 

- The fully softened cohesion (cfs) and residual cohesion (cr) values increased by 

increasing the GGBFS contents and curing time, however, the friction angle 

(ϕfs, ϕr) and slope (𝑚𝑓𝑠, 𝑚𝑟) slightly decreased by increasing the GGBFS 

contents and curing time in both fully softened and residual conditions. The 

cohesion values in residual conditions had a very low range (i.e., 2.8 ≤ cr ≤ 8 

and 2.8 ≤ cr ≤ 13.6 kPa).        

- Increasing the curing time of the GGBFS treated specimens caused generation 

of the pozzolanic hydration products and increased the fully softened and 

residual shear strength values. 
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4.5. CHAPTER CONCLUSIONS  

A series of comprehensive preliminary experimental studies conducted on the 

representative additives in order to evaluate their effectiveness on improvement of the 

mechanical behaviour of soil, and to select the most effective additives to conduct the 

liquefaction analysis in the next chapters. For investigating the effect of reinforcement 

techniques, the sawdust and recycled tyre were selected, and a series of 1-D 

consolidation and rigid-wall hydraulic conductivity tests were conducted to investigate 

their effect on mechanical behaviour of the soil. The lime was selected as the 

representative of the non-environmental friendly chemical additives to investigate its 

effect on mechanical behaviour of the soil by performing a series of volumetric 

shrinkage, unconfined compressive strength (UCS), and ring shear tests. Finally, the 

GGBFS was selected as the representative for the environmental-friendly chemical 

binders to investigate its effect on mechanical behaviour of the soil by performing a 

series of direct shear tests on over-consolidated clay. In addition, in order to have a 

complete understanding of the response of the intended materials, the experimental 

analysis has been conducted on sand mixed with 5% bentonite and the experimental 

analysis on the effect of lime and GGBFS has been conducted on two types of clayey 

soils since the maximum hydration and pozzolanic reactions occurred in a clayey type 

of soil.  

The first part of this chapter investigated the effect of sawdust addition on hydraulic 

conductivity and compressibility of the sand-bentonite (SB) mixture by performing a 

series of falling head hydraulic conductivity and 1-D consolidation tests. The results 

showed that the SB mixture has a hydraulic conductivity of 5.23 x 10-10 m/s, and 

addition of 2%, 5%, and 10% sawdust caused a reduction in the range of 3.5 x 10-10, 

2.9 x 10-10, and 2.13 x 10-10 for hydraulic conductivity values respectively. In the next 
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stage of analysis, investigations showed that the control backfill mixture has a 

hydraulic conductivity in the range of 1.51 x 10-10 ≤ ktheory ≤ 4.70 x 10-10 under 24 ≤ σ′n 

≤ 1280 kPa effective overburden pressure when computed based on Terzaghi 

consolidation theory, and addition of sawdust caused a reduction in the range of 8.50 

x 10-11 ≤ ktheory ≤ 2.50 x 10-10 m/s for the mixtures. The measured kf and computed ktheory 

values showed a good agreement at low effective overburden pressure. In continue the 

analysis showed that addition of sawdust caused a reduction for the coefficient of 

consolidation (cv) in both Casagrande and Taylor methods. Finally, the investigations 

showed that addition of sawdust has no impact on compression index (Ci) and 

consequently on rigidity of the sawdust amended mixtures. Furthermore, it was 

revealed that the swelling index (Cs) decreased by addition of the sawdust in a very 

low range.  

The second part of this study investigated the effect of powdered recycled tyre (PRT) 

and crumbed recycled tyre (CRT) addition on hydraulic conductivity and 

consolidation characteristics of the sand-bentonite (SB) mixtures. Analysis on 

deformation characteristics showed that the addition of PRT and CRT to the SB 

backfills mixtures increased the settlement characteristics of the specimens. In 

addition, investigations showed that the addition of PRT and CRT to the SB backfill 

mixtures increased the compression index (Ci) and swelling index (Cs) of the 

specimens. The coefficient of consolidation (cv) values calculated using the 

Casagrande and Taylor methods showed a good agreement between recorded ranges 

and trends. Furthermore, it was revealed that the addition of the PRT and CRT 

increased the cv values of the specimens. The hydraulic conductivity values computed 

using the Terzaghi consolidation theory (ktheory) incremented by increasing the PRT 
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and CRT contents of the specimens. In addition, the rigid-wall hydraulic conductivity 

tests showed an increase after the addition of PRT and CRT contents. 

In third part of this chapter, a series of shrinkage, unconfined compressive strength 

and ring shear tests were performed to investigate the effect of fully or partially 

replacement of GGBFS with lime on the engineering properties of clay at different 

curing periods. The analysis showed that increasing the replacement of the GGBFS 

with lime led to a reduction in the cracks generated due to shrinkage by increasing the 

tensile strength of the soil. Furthermore, the results showed that the replacement of the 

GGBFS to a certain amount with lime significantly reduced the shrinkage capacity of 

the clay compared to the lime mixed with clay, due to accelerated generation of 

cementitious products leading to greater fluctuation and agglomeration and 

consequently less shrinkage behaviour. In addition, the pozzolanic reactions that 

occurred showed a positive effect in reducing volumetric shrinkage. The results 

showed that the addition of GGBFS to a certain amount of lime significantly improved 

the unconfined compressive strength and shear strength properties of the soil compared 

with lime mixed with clay mixtures, due to the acceleration of the production of 

cementitious products such as CSH and CAH and the pozzolanic reactions occurring 

during the curing time, and the microstructural analysis results showed that the mixture 

of GGBFS and lime produced cementitious crystalline products and a small quantity 

of ettringite, as seen in the SEM micrographs. Furthermore, the intense effect of 

hydration products such as CSH, and CAH was observed in the XRD patterns of the 

GGBFS-lime mixture. 

In the final part, a series of direct shear tests were performed on reconstituted 

specimens of the clay to investigate the effect of GGBFS addition on drained shear 

strength characteristics of the clay in the over-consolidated condition. The results 
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showed that increasing the GGBFS contents of the specimens caused the formation of 

contradictive peaks for GGBFS treated specimens and a dilative peak for the untreated 

specimen. This behaviour was attributed to sudden breakage of cementitious bonds of 

the GGBFS treated specimens. The drawn failure envelope curves for untreated and 

GGBFS treated specimens showed a non-linear trend. This trend was more distinct 

especially for GGBFS treated specimens where production of the hydration products 

was promoted. The fully softened cohesion (cfs) and residual cohesion (cr) values 

increased by increasing the GGBFS contents and curing time, however, the friction 

angle (ϕfs, ϕr) and slope (mfs, mr) slightly decreased by increasing the GGBFS contents 

and curing time in both fully softened and residual conditions. The cohesion values in 

residual conditions had a very low range (i.e., 2.8 ≤ cr ≤ 8 and 2.8 ≤ cr ≤ 13.6 kPa). 

Increasing the curing time of the GGBFS treated specimens caused generation of the 

pozzolanic hydration products and increased the fully softened and residual shear 

strength values. 

The analysis on the compressibility and hydraulic conductivity of the recycled tyre 

added specimens in the second part of the chapter showed that the addition of recycled 

tyre is not effective to reduce the compressibility and hydraulic conductivity of the 

soil. In addition, the conducted analysis on compressibility and hydraulic conductivity 

of sawdust added specimens showed that the addition of sawdust is relatively effective 

to reduce the deformation and the hydraulic conductivity of the soil. Hence, their 

application is not recommended to improve the mechanical characteristics of the soil. 

However, the analysis of the effect of lime on mechanical characteristics of the clay 

showed that the application of lime is effective to improve the mechanical behaviour 

of the soil, its application is accompanying with some technical deficiencies such as 

generation of cracks and it was recommended the lime to be fully or partially replaced 
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with the GGBFS. In the final part of the study, the analysis showed that the shear 

strength of the specimens increased by increasing the GGBFS contents of the 

specimens. Based on the acquired results in this chapter for the GGBFS, and the 

abundancy and the cost effectiveness of the GGBFS it is recommended that the 

GGBFS to be used to conduct the experimental analysis on improvement of the 

liquefaction strength in the next stage. In addition, FA has been selected as another 

environmental chemical additive to conduct the analysis and confirmation of the 

results.         
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Chapter 5 
Monotonic Behaviour of Sand-FA Mixture 
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CHAPTER INTRODUCTION 

This chapter investigates the effect of FA on the monotonic liquefaction of sand by 

performing a series of undrained monotonic triaxial compression tests. The 

investigations have been conducted on the effect of FA contents, initial relative 

density, initial mean effective stress, and curing periods and the results have been 

presented and analysed. This chapter does not investigate the effect of GGBFS on 

monotonic liquefaction behavior of sand since this study already has been conducted 

by Sabbar et al. (2017). 
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5. Monotonic Behaviour of Sand-FA Mixture 

5.1. Abstract 

Liquefaction is one of the most disastrous phenomena in the world and mitigation of 

its destructive impacts is a big challenge. Fly ash (FA) is a by-product additive and has 

hydration and pozzolanic characteristics similar to Portland cement (PC) and has a 

potential of application in ground improvement projects. This study investigates the 

effect of FA addition on liquefaction resistance of sand by conducting a series of 

undrained monotonic triaxial compression tests. The effect of four FA contents (i.e., 

0, 2, 4, and 6%), three initial mean effective stresses (i.e., 50, 70, and 90%), and three 

initial relative densities (i.e., 20, 40, and 60%) were investigated. In addition, the effect 

of two curing periods of 14 and 28 days were evaluated on selected specimens and the 

results were presented. The analysis of the effect of FA contents showed that the 

specimens with a greater FA contents have a higher ultimate deviatoric stress (qu). This 

behavior was attributed to the filled existing micro pores amongst soil particles by FA 

which reduced the pore water pressure build-up. The investigation of the effect of 

initial mean effective stress showed that the FA added specimens tested under a greater 

initial mean effective stress have a lower ultimate deviatoric strength value. This was 

attributed to the suppression of dilatancy and consistent with critical state of soil. The 

investigation on effect of initial mean effective stress showed that increasing the initial 

mean effective stress is effective to increase the ultimate deviatoric strength of the soil. 

The results showed that the densification is more effective in FA added specimens as 

these specimens showed a greater qu value in all relative densities than the untreated 

soil. The investigation of the effect of curing time on FA added specimens showed that 

the specimens with a greater curing period have a greater ultimate deviatoric strength. 
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5.2. Introduction 

Application of chemical admixtures to increase the strength characteristics of the soil 

is a common approach in ground improvement. Previous studies reported on 

effectiveness of the additives such as Portland cement (PC) and lime to increase the 

strength characteristics of the soil, however these materials are expensive and not 

environmental-friendly. There are some by-product materials remain from different 

industries such as steel manufacturing which have a hydration and pozzolanic 

characteristic similar to PC and lime. No only these materials are cheap and cost-

effective but also their application is environmental friendly as it helps in reduction of 

the carbon foot print. Fly ash (FA) is a by-product material with hydration 

characteristics remains from process of fired coal in power plants. This study aims to 

investigate the effect of FA addition on liquefaction mitigation of the soil.  

The application of fly ash (FA) in the ground improvement area has been reported on 

by previous researchers in the literature (Keramatikerman et al 2017b; Horpibulsuk et 

al. 2011; Prabakar et al. 2004 amongst other). Fly ash is a pozzolanic material and is a 

product which remains after processing in electrical power plants. This by-product 

additive is effective at improving the mechanical behaviour of the soil such as 

swelling, controlling the volume change, and increasing the compressibility 

(Horpibulsuk et al. 2009). Fly ash increases the reactive surfaces of the soil grains and 

causes an increase in production of hydration and pozzolanic reactions amongst soil 

particles. These characteristics show that fly ash could be a good potential replacement 

for Portland cement (PC) (Horpibulsuk et al. 2009). 

The liquefaction behaviour is triggered when a saturated soil substantially loses its 

strength due to the abrupt generation of pore water pressure when soil is subjected to 
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undrained monotonic or cyclic loadings (Schofield and Wroth 1968; Kramer 1996). 

Many investigations have been conducted to mitigate the disastrous impacts of 

liquefaction. For instance, Keramatikerman et al. (2017b) investigated the effect of fly 

ash on cyclic liquefaction behaviour of the soil and indicated that fly ash is effective 

in improving liquefaction behaviour of the soil. In another example, Sabbar et al. 

(2017) investigated the effect of slag addition on the liquefaction behaviour of sand 

mixture and indicated that slag is effective in improving the liquefaction behaviour of 

the sand.  

 

5.3. Materials Used 

The sand was sourced from south of Perth metropolitan area, Western Australia. The 

sieve analysis was conducted on the used sand based on ASTM C136 (ASTM 2014b). 

The results as can be seen from Fig. 5.1 showed that it has a uniformity coefficient of 

(Cu) and a coefficient of curvature (Cc) of 2.5 and 1.19 respectively. This sand is a 

poorly graded soil (SP) based on the Unified Soil Classification System (USCS) 

[(ASTM D2487, (ASTM 2011a)], and has a specific gravity (Gs) of 2.67. The X-ray 

powder diffraction (XRD) investigations revealed that quartz (Q) is the main 

constituent of the used sand. Fig. 5.2 shows the results of XRD analysis on the used 

sand. In addition, a scanning electron microscopy (SEM) image of the used sand was 

shown in Fig. 5.3. The used fly ash (FA) was sourced from a local supplier in Perth, 

Western Australia (Flyash Australia 2016). The XRD analysis showed that quartz (Q), 

Mullite (Mu), and hematite (H) are the main constituent minerals of the used FA as 

can be seen from Fig. 5.3. Furthermore, the specific gravity of the used FA was 3.1. 

The conducted SEM analysis on the used FA showed that the FA has well-rounded 

particles. Fig. 5.4 shows the results of SEM imaging on used FA.  
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Fig. 5.1. Particle size distribution of used materials 

 

Fig. 5.2. X-ray powder diffraction (XRD) analysis of used sand and FA  
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Fig. 5.3. Scanning electron microscopic (SEM) of used sand 

 

 

Fig. 5.4. Scanning electron microscopic (SEM) of used FA 

 

(a) 
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5.4. Specimen Preparation and Triaxial Testing 

In this study, a series of undrained monotonic triaxial compression tests were 

conducted according to ASTM D7181 (ASTM 2011e) by means of an automated 

triaxial device (Bishop and Wesley 1975). The specimens with 62.5 mm diameter and 

125 mm height were prepared by moist tamping method, which is proposed as the 

under compaction method by Ladd (1978). Four FA contents of 0, 2, 4, and 6% were 

used to investigate the effect of FA contents on sand. To prepare the mixtures, initially, 

the desired amount of FA was added into the soil and thoroughly mixed, then water 

was added according to the optimum moisture content (OMC) of each mixture 

acquired from standard proctor tests. Each mixture was compacted in five layers into 

a cylindrical split mould until the desired height was obtained based on the maximum 

dry density (MDD). To investigate the effect of curing time, the specimens after 

preparation were cured for 14 and 28 days periods in a moisture and temperature 

controlled room. After completion of the sample preparation, the triaxial testing 

procedure initiated and water was injected through the sample until a Skempton value 

of ≥0.95 was recorded, and the saturation stage completed. Then, the samples 

isotropically were consolidated until the initial mean effective stress of 50, 70, or 90 

kPa. The post-consolidation void ratio (ep) of each specimen was recorded according 

to the pre-consolidation void ratio (e0) and the occurred volumetric strain during 

consolidation stage. Table 5.1 shows the test program used to conduct the tests.  
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Table 5.1. Experimental program and mixtures characteristics 

No. Test ID FA content (%) Dr Drp p' (kPa) Curing time (day) B-Value 

1 S1 - 20 21.6 50 - 0.95 

2 S2 - 20 22.1 70 - 0.96 

3 S3 - 20 22.5 90 - 0.95 

4 S4 - 40 41.5 50 - 0.95 

5 S5 - 60 61.4 50 - 0.95 

6 SF1 2 20 21.6 50 - 0.95 

7 SF2 2 20 22.1 70 - 0.96 

8 SF3 2 20 22.5 90 - 0.95 

9 SF4 2 20 21.6 50 14 0.95 

10 SF5 2 20 21.6 50 28 0.95 

11 SF6 2 40 41.5 50 -  

12 SF7 2 60 61.4 50 -  

13 SF8 4 20 21.6 50 - 0.95 

14 SF9 4 20 22.1 70 - 0.95 

15 SF10 4 20 22.5 90 - 0.95 

16 SF11 4 20 21.6 50 14  

17 SF12 4 20 21.6 50 28  

18 SF13 6 20 21.6 50 - 0.95 

19 SF14 6 20 22.1 70 - 0.96 

20 SF15 6 20 22.5 90 - 0.96 

21 SF16 6 20 21.6 50 14  

22 SF17 6 20 21.6 50 28  

 

 

5.5. Triaxial Test Results  

5.5.1. Effect of FA Contents 

Deviator stress (q) and mean effective normal stress (p') in triaxial tests were computed 

using Eq. (5.1) and (5.2) respectively.   

𝑞 = 𝜎1
′ − 𝜎3

′ (5.1) 
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𝑝′ =
(𝜎1

′ + 2𝜎3
′)

3
 (5.2) 

Where σ'1 = effective major principal stress; and σ'3 = effective minor principal stress. 

Fig. 5.5 shows the typical stress-strain behaviour for untreated soil and FA treated 

specimens with an initial relative density of 20% under an initial mean effective stress 

(p') of 50 kPa. It is seen from the figure that the untreated soil (i.e., S1) has a contractive 

behaviour until a deviatoric stress of 56 kPa at around 1% axial strain, then dilated and 

reached the ultimate deviatoric stress (qu) of 74 kPa after around 20% axial strain. The 

increasing trend of the excess pore water pressure for this specimen is aligned with 

recorded behaviour for the variation of the deviatoric stress and mean effective stress.  

The untreated soil also shows a limited liquefaction. 

Addition of FA into the specimens changed the behaviour of the soil from semi-

contractive to fully dilative and a greater deviatoric stress value. For instance, addition 

of 2% FA, caused an ultimate deviatoric stress of 81 kPa to be recorded for 2% FA 

treated specimen (i.e., SF1). Addition of 4% FA into the sand increased the ultimate 

deivatoric stress of the specimen even more. For instance, a peak deviatoirc stress of 

89 kPa was recorded when the specimen was mixed with 4% axial strain. Similar trend 

was recorded when the specimen was mixed with 6% FA. For instance, an axial 

deviatoric stress of 100 kPa was recorded when 6% FA was added into the specimens. 

In fact, addition of FA filled the micropores which exist between the soil particles and 

reduced the generation of the pore water pressure. This may be the main reason for 

increasing the ultimate deviatoric stress and reducing the pore water pressure for FA 

added specimens.      
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Fig. 5.5. Undrained shear response for untreated soil and FA treated specimens with an 

initial relative density of 20% under 50 kPa initial mean effective stress acquired 

from monotonic triaxial tests (a) stress path (q-p′); (b) stress-strain relation; and 

(c) excess pore water pressure versus axial strain.  
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addition of 4% FA into the sand increased the ultimate deviatoric stress, increasing the 

initial mean effective stress reduced the ultimate deviatoric stress for this tested set of 

specimens as well as other tested set. For instance, an ultimate deviatoric stress of 89, 

72, and 72 kPa was recorded when the specimen tested under 50, 70, and 90 kPa initial 

mean effective stress respectively. Similarly, testing the specimens set mixed with 6% 

FA caused an ultimate deviatoric stress of 100, 94, and 86 kPa under initial mean 

effective stress of 50, 70, and 90 kPa respectively. Fig. 5.7 shows a summary of the 

recorded ultimate deviatoric strength values for untreated and FA treated specimens 

under different initial mean effective stress. As shown, increasing the initial mean 

effective stress reduced the ultimate deviatoric stress in all tested specimens. The 

reported results can be attributed to the soil suppression of dilatancy behaviour and 

consistent with critical state of soil. Seed and Harder (1990) also reported the same 

behaviour for the tested specimens under different effective confining pressures.    
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Fig. 5.6. Effect of FA contents on stress path (q-p′) in post-cyclic tests (a) untreated soil; 

(b) FA=2%; (c) FA=4%; and (d) FA=6%.  

  

 

Fig. 5.7. Variations of the ultimate deviatoric stress acquired from post-cyclic tests for 

untreated and FA treated specimens    
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Fig. 5.9 shows a summary of the acquired results for the effect of initial relative 

density. As shown, the specimens prepared with a greater relative density have a higher 

ultimate deviatoric strength. This increase in FA added specimens was more apparent 

which shows the densification of the FA added specimens is more effective than 

untreated soil. 
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Fig. 5.8. Typical stress path (q-p′) and stress-strain (q-εa) acquired from post-cyclic tests 

for (a) untreated soil; and (b) FA=2%  
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Fig. 5.9. Variations of the ultimate deviatoric stress acquired from monotonic tests for 

untreated and 2% FA treated specimens    
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strength of 105 and 117 kPa respectively. Similarly, an increasing trend of 100, 114, 

and 125 kPa was recorded for the specimens treated with 6% FA when the specimens 

tested without and with 14 and 28 days curing time respectively. 

 

Fig. 5.10. Effect of curing time in variations of ultimate deviatoric stress acquired from 

monotonic tests for FA treated specimens.     
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cheap and cost-effective but also their application is environmental friendly as it helps 

in reduction of the carbon foot print. Fly ash (FA) is a by-product material with 

hydration characteristics which is remained from process of fired coal in plants. This 

study aims to investigate the effect of FA addition on liquefaction mitigation of the 

soil. A series of undrained monotonic triaxial compression tests conducted to 

investigate the effect of fly ash (FA) on compression behavior of the soil. This study 

investigated the effect of four FA contents (i.e., 0, 2, 4, and 6%), three initial mean 

effective stresses (i.e., 50, 70, and 90%), and three initial relative densities (i.e., 20, 

40, and 60%). In addition, the effect of two curing periods of 14 and 28 days were 

evaluated on selected specimens. The investigations of the effect of FA contents 

showed that the specimens with a greater FA contents have a higher ultimate deviatoric 

stress (qu). This behavior was attributed to the filled existing micro pores amongst soil 

particles by FA which reduced the pore water pressure build-up. The investigation of 

the effect of initial mean effective stress showed that the FA added specimens tested 

under a greater initial mean effective stress have a lower ultimate deviatoric strength 

value. This was attributed to the suppression of dilatancy and consistent with critical 

state of soil. The investigation on effect of initial mean effective stress showed that 

increasing the initial mean effective stress is effective to increase the ultimate 

deviatoric strength of the soil. The results showed that the densification is more 

effective in FA added specimens as these specimens showed a greater qu value in all 

relative densities than the untreated soil. The investigation of the effect of curing time 

on FA added specimens showed that the specimens with a greater curing period have 

a greater ultimate deviatoric strength.      
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Chapter 6 
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CHAPTER INTRODUCTION  

The chapter six is divided into two parts. The first part investigates the effect of fly ash 

(FA) on cyclic liquefaction strength of sand by performing a series of stress-controlled 

undrained cyclic triaxial tests. In this part the effect of FA contents, initial relative 

density, effective confining pressure, and curing time on cyclic liquefaction resistance 

of the soil has been investigated and the results have been analysed. The second part, 

investigates the effect of ground granular blast furnace slag (GGBFS) on cyclic 

liquefaction resistance of the sand by performing a series of stress-controlled 

undrained cyclic triaxial tests. In this part, similar to the part one, the effect of different 

parameters such as GGBFS contents, initial relative density, effective confining 

pressure, and curing time on cyclic liquefaction strength of the soil have been 

investigated and the results were presented and analysed.  

The results of the first part of this chapter were published as Keramatikerman et al 

(2017b) and the results of the second part of this chapter currently are under 

preparation to submit to a high quality journal. 
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Part 1 
Effect of FA on Cyclic Behaviour of Sand 
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6.1. Effect of FA on Cyclic Behaviour of Sand 

6.1.1. Abstract 

A series of cyclic triaxial tests were performed to determine the liquefaction resistance 

of sand stabilised with fly ash (FA). In order to understand the cyclic behaviour of the 

FA stabilised sand, the effect of relative density (Dr), FA content, effective confining 

pressure (CP) and curing time liquefaction resistance were considered. In the first stage 

of the laboratory tests, specimens of sand mixed with 2% FA under 50 kPa CP and 0.2 

CSR with relative density of 20%, 40%, 60%, and 80%, were tested and compared 

with untreated soil. The results indicated that mixtures of sand-FA in all relative 

densities have more resistance to liquefaction failure in comparison with untreated soil, 

and mixture of sand-FA for relative density of 80% has the greatest resistance value. 

In the second stage, two types of sand-FA mixture (i.e., 4% and 6% FA) with a relative 

density of 20% under three ranges of confining pressure, namely 50, 70 and 90 kPa, 

were tested. The results in this stage suggested that the addition of 6% FA to the sand 

led to an increase in the cyclic response of the soil to the liquefaction in comparison 

with the specimens of sand mixed with 4% FA in all tested effective confining 

pressures. In the last part of the study, variation of the CSR with the number of cycles 

to liquefaction for a mixture of sand and 2% FA with 20% relative density under 50, 

70 and 90 kPa effective confining pressure were presented and results indicated that 

the specimens under greater CP liquefied at earlier cycle numbers and vice versa. In 

continuing to investigate the effect of curing time, the specimens containing 2% FA 

were cured for 14 and 28 days and tested under 50 kPa CP and 20% relative density. 

The result showed that an increase in curing time led to an increase in the liquefaction 

strength of the sand containing FA. 

 



182 

 

6.1.2. Introduction 

Studying the behaviour of soil under cyclic loading and seismic waves is a complicated 

matter in geotechnical earthquake engineering. This issue is even more complicated 

when these seismic waves happen in saturated soils. This phenomenon has been known 

as liquefaction in geotechnical engineering. Liquefaction is a natural disaster that 

happens due to loss of strength and stiffness during seismic events and usually occurs 

in sandy soils. Many studies have been conducted to improve sandy soil performance 

in liquefaction events. For instance, Porcino et al. (2015) investigated the effect of 

cement treated sand on liquefaction resistance and reported that liquefaction strength 

increased. Ye et al. (2015) figured out the pre-shearing effect on liquefaction strength 

of a sandy soil. They observed that medium to large pre-shearing loadings led to a 

decrease in the resistance of the liquefaction. Noorzad and Fardad Amini (2014) tried 

to increase the liquefaction resistance of sand using fibre. They reported that increasing 

fibre length and number led to an increase in liquefaction strength of the sand. In a 

similar study on the effect of fibre reinforced sand (Liu et al. 2011), increasing 

inconsistency in shear strength has been reported by increasing the fibre content of the 

specimens. In another study, Karim and Alam (2014) studied the effect of non-plastic 

silt on liquefaction resistance of the sand-silt specimens for a constant relative density. 

They observed a primary increase in excess pore water pressure by the addition of silt 

content until a limiting amount was attained. This trend reversed when the silt content 

passed the limit. An adverse behaviour for cyclic strength has also been reported 

(Karim and Alam 2014). The effect of colloidal silica grout on the liquefaction strength 

of sand was investigated by Gallagher and Michell (2002). They found that the 

addition of colloidal silica as an agent led to an increase in the deformation strength of 

the sand. The liquefaction resistance of three types of sand were compared in another 
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study (Monkul et al. 2015). In this study, dry and saturated samples of clean and silty 

sand were subjected to a drained constant volume cyclic shear test and it was reported 

that the liquefaction possibility of the saturated samples could also be estimated by dry 

specimens. It was also reported that the results of the cyclic behaviour of the saturated 

and dry sand is different for clayey sand and this soil type needs to be saturated in 

order to assess its liquefaction strength characteristics. 

Application of a chemical agent is one of the main techniques in the soil stabilisation 

area to improve soil strength. Fly ash is one of the chemical additives that recently has 

drawn attention of scholars (Kaniraj and Havanagi 1999; Prabakar et al. 2004; Singh 

et al. 2015; Al-Malack et al. 2016). The studies that have been performed on effect of 

fly ash or other additives as an agent, have focused on investigating the mechanical 

properties of the soil from the static viewpoint of geotechnical engineering 

(Boominathan and Hari 2002; Zand et al. 2009; Ibraim 2010; Jakka et al. 2010). 

However, there are some studies on the cyclic behaviour of the impounded or 

reinforced FA (Boominathan and Hari 2002; Zand et al. 2009; Ibraim 2010; Jakka et 

al. 2010). Investigation of the behaviour of the FA stabilised sand under cyclic loading 

is a novel issue and a gap in the literature. Similarly, the effect of curing time is a less 

considered issue in the investigation of cyclic behaviour of soils mixed with additives. 

Therefore, this study aims to determine the cyclic behaviour of the sand mixed with 

FA by considering effective parameters such as FA content, curing time, CP and Dr. 
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6.1.3. Testing Materials 

6.1.3.1. Sand 

The selected sand for this study was obtained from the Baldivis area located 50 km 

south of Perth in Western Australia. This sand is known as concrete yellow sand and 

is widely used in construction projects. It is a uniform semi-rounded sand that includes 

more than 80% crystalline silica (quartz) and less than 20% other minerals and organic 

materials. Hydraulic conductivity of the sand is equal to 7.67×10-3 cm/sec and has a 

moisture content of 13.94% and a dry density of 1.62 gr/cm3 according to the results 

of standard proctor compaction test. Fig. 6.1(a) shows a scanning electron microscope 

(SEM) of the applied yellow sand used in this study. Fig. 6.1(b) also shows the particle 

size distribution (PSD) of the employed sand. 
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Fig. 6.1. (a) Particle size distribution (PSD) of the employed Baldivis yellow sand and 

;(b) Scanning electron microscopy (SEM) of the used sand in this study   

 

6.1.3.2. Fly Ash (FA) 

The applied FA in this study is a class F category FA which was obtained from Fly 

ash Australia Pty Ltd. This product is known as Collie fly ash. It is normally used as 

an additive in soil stabilisation and a filler in asphalt. Fig. 6.2 shows scanning electron 

microscopy (SEM) of the employed FA. Table 6.1 also shows the chemical 

composition of the Collie fly ash (Flyash Australia 2016). 

Table 6.1. Chemical compositions of the employed Collie Fly ash (Flyash Australia 

2016) 

No. Element Formula Percentage 

1 Silicon dioxide SiO2 51.80% 

2 Aluminium oxide Al2O3 26.40% 

3 Ferric oxide Fe2O3 13.20% 

4 Calcium oxide CaO 1.61% 

5 Titanium dioxide TiO2 1.44% 

6 Phosphorus pentoxide P2O5 1.39% 

7 Magnesium oxide MgO 1.17% 

8 Potassium oxide K2O 0.68% 

9 Sodium oxide Na2O 0.31% 

10 Manganese oxide MnO 0.10% 

(b) (b) 

https://en.wikipedia.org/wiki/Phosphorus_pentoxide
https://en.wikipedia.org/wiki/Potassium_oxide
https://en.wikipedia.org/wiki/Sodium_oxide
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Fig. 6.2. Scanning electron microscopic (SEM) image of the employed FA 

 

6.1.4. Methodology 

To investigate the cyclic behaviour of the mixture of sand-FA, a series of cyclic triaxial 

tests were performed. All the tests were in compliance with the procedure described in 

ASTM D5311 (2013). In this study, the effect of four parameters, namely Dr, FA 

contents, CP, and curing time, have been considered. Table 6.2 shows the designated 

experimental program to investigate effect of the mentioned parameters. To perform 

the tests, specimens were initially consolidated according to the designated effective 

confining pressure. Stress controlled method in an undrained condition was applied 

after consolidation stage. Then, axial stress, vertical strains and pore water pressure 

were recorded at short periodic intervals for the applied cyclic stresses with the 

frequency of 1 Hz. 
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Table 6.2. Experimental program designed to investigate effect of the relative density 

(Dr), FA content, effective confining pressure (CP) and curing time (CT) 

on cyclic behaviour of the fly ash (FA) treated soil. 

No. Test ID CP (σ)    Dr (%) CSR  FA (%) Curing time (day) 

  Relative Density 

1 20-S 50 20 0.2 - - 

2 40-S 50 40 0.2 - - 

3 60-S 50 60 0.2 - - 

4 80-S 50 80 0.2 - - 

5 20-2FA 50 20 0.2 2 - 

6 40-2FA 50 40 0.2 2 - 

7 60-2FA 50 60 0.2 2 - 

8 80-2FA 50 80 0.2 2 - 

FA content 

9 50-4FA 50 20 0.2 4 - 

10 70-4FA 70 20 0.2 4 - 

11 90-4FA 90 20 0.2 4 - 

12 50-6FA 50 20 0.2 6 - 

13 70-6FA 70 20 0.2 6 - 

14 70-6FA 90 20 0.2 6 - 

Effective confining pressure and curing time 

15 50-2FA 50 20 0.2, 0.35, 0.5 2 - 

16 70-2FA 70 20 0.2, 0.35, 0.5 2 - 

17 90-2FA 90 20 0.2, 0.35, 0.5 2 - 

18 2FA 50 20 0.2, 0.35, 0.5 2 0 

19 14-2FA 50 20 0.2, 0.35, 0.5 2 14 

20 28-2FA 50 20 0.2, 0.35, 0.5 2 28 
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6.1.5. Results and Discussion 

6.1.5.1. Effect of Relative Density on Liquefaction 

Resistance 

To investigate effect of relative density on liquefaction resistance of the mixture of 

sand-FA, eight cyclic triaxial tests for untreated soil and sand mixed with 2% FA under 

50 kPa effective confining pressure were performed. In this section, four values of 

relative density, namely 20%, 40%, 60% and 80% with 0.2 CSR, were tested and 

compared. Fig. 6.3(a-c) compares the results achieved for untreated soil and mixture 

of sand-FA at different relative densities. 

For the relative density of 20%, it is seen from Fig. 6.3(b) that the sand mixed with 2% 

FA had higher values for the pore pressure ratio (u/σ) from the start point to the 150th 

cycle number in comparison with the untreated soil with 20% relative density plotted 

in Fig. 6.3(a). It is also seen that the untreated soil liquefies earlier than sand mixed 

with FA. Using a relative density of 40%, many fluctuations at the same cycle number 

could be seen in both tested specimens. However, sand mixed with 2% FA had lower 

values of pore pressure ratio (u/σ) and tended to be liquefied later in comparison with 

untreated soil. A major drop that was followed with a peak point for the mixture of 

sand and 2% FA with relative density of 60% is very noticeable. Except for this, a 

gradual increasing trend can be seen for the rest of the graph. A similar trend, but with 

lower values of pore pressure ratio (u/σ), can be seen for the untreated soil with 60% 

relative density in Fig. 6.3(a). The untreated soil has lower values of pore pressure 

ratio (u/σ) in comparison with mixture of sand mixed with 2% FA and liquefies earlier. 

For 80% relative density, a peak point that has been followed with an immediate drop 

point for both graphs is very noticeable. It can be seen that the specimen with the 

mixture of sand and 2% FA has lower values of pore pressure ratio (u/σ) and liquefies 
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later than untreated soil with relative density of 80% same as previous tests. In this 

section, it can be concluded that the relative density of 80% has the highest impact on 

cyclic response of the mixture of sand and 2% FA to increase its resistance, and the 

relative density of 20% provides the lowest resistance of liquefaction. A summary of 

the results for the effect of relative density are shown and compared in the Fig. 6.3(c) 

and Table 6.3. 
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Fig. 6.3. (a) Effect of relative density on liquefaction behaviour of the untreated soil 

under 50 kPa CP and 0.2 CSR. (b) Effect of relative density on liquefaction 

strength of the sand mixed with 2% FA under 50 kPa CP and 0.2 CSR. (c) 

Comparison of the cyclic behaviour of the untreated soil and sand mixed 

with 2% FA with 20%, 40%, 60% and 80% relative density and 0.2 CSR 

under 50 kPa CP.   

 

 

Table 6.3. Effect of relative density on liquefaction strength of the untreated soil and sand 

mixed with 2% FA under 50 kPa CP and 0.2 CSR and 1 HZ frequency.  

No. Specimen 
Effective confining 

pressure, CP (kPa) 

Relative 

density, Dr, (%) 

Number of cycles to 

liquefaction, NL 

1 

Untreated 

soil 
50 

20 175 

2 40 275 

3 60 300 

4 80 325 

5 

Sand+2%FA 50 

20 300 

6 40 350 

7 60 375 

8 80 450 
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6.1.5.2. Effect of FA Content on Liquefaction of the 

Soil 

The effect of the FA contents on the cyclic behaviour of the FA stabilised sand was 

investigated by comparing six cyclic triaxial tests on sand mixed with 4% and 6% FA 

with 20% relative density and 0.2 CSR. Fig. 6.4(a-b) compares the cyclic behaviour of 

the mentioned specimens under 50, 70 and 90 kPa CP. The effect of sand mixed with 

4% FA under 50, 70 and 90 kPa CP was investigated by performing three cyclic triaxial 

tests. There is a rapid increasing trend for the specimen under 90 kPa effective 

confining pressure. This specimen liquefied in earlier cycles than the specimens under 

70 and 50 kPa effective confining pressures as shown in Fig. 6.4(a). In final stage of 

this section, the effect of effective confining pressure on the liquefaction strength of 

sand mixed with 6% FA was determined by undertaking three cyclic triaxial tests 

under 50, 70 and 90 kPa CP. It is seen from Fig. 6.4(b) that there is a rapid increasing 

trend for the pore pressure ratio (u/σ) for the sample under 90 kPa effective confining 

pressure in initial cycle numbers. This trend follows a transitional increase. In contrast 

with 90 kPa effective confining pressure, the specimen under 70 and 50 kPa effective 

confining pressure had lesser fluctuations and liquefied later respectively. 

A summary of the results was presented in Table 6.4. According to the presented 

results in this section, it could be concluded that generally, specimens under greater 

effective confining pressure have more tendency toward liquefaction in comparison 

with the specimens that are under lower CP. The presented results in this section are 

in strong agreement with critical state of the soil behaviour explained by Seed and 

Harder (1990). In addition, it can be concluded that addition of the FA increased the 

cyclic strength of the tested soils in all cases. 
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Fig. 6.4. (a) Effect of 4% FA addition on liquefaction strength of the sand with a 20% 

relative density and 0.2 CSR under 90, 70 and 50 kPa effective confining 

pressure (b) Effect of 6% FA addition on liquefaction strength of the sand 

with a 20% relative density and 0.2 CSR under 90, 70 and 50 kPa effective 

confining pressure. 
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Table 6.4. A summary of the results to investigates effect of the 4% and 6% FA addition on 

liquefaction strength of the sand with 20% relative density and under 50, 70 

and 90 kPa effective confining pressure. 

No. Specimen 
Relative 

density, Dr, (%) 

Effective confining 

pressure, CP (kPa) 

Number of cycles to 

liquefaction, NL 

1 

Sand+4%FA 20 

50 350 

2 70 325 

3 90 250 

4 

Sand+6%FA 20 

50 375 

5 70 350 

6 90 275 

 

6.1.5.3. Effect of Effective Confining Pressure and 

Curing Time on Liquefaction Strength 

Fig. 6.5(a) illustrates the variation of the cyclic stress ratio with changes in number of 

cycles to liquefaction for specimens of sand mixed with 2% FA with 20% relative 

density under 50, 70, 90 kPa CP. The results indicated that the specimens under greater 

effective confining pressures liquefied at earlier cycle numbers. A summary of the 

results was shown in Table 6.5 in this section. In addition, Fig. 6.5(b) illustrates the 

alteration of the cyclic stress ratio (CSR) with changes in the number to liquefaction 

for specimens cured for 14 and 28 days. According to the figure, liquefaction 

resistance of the sand mixed with 2% FA with 20% relative density and under 50 kPa 

effective confining pressure increased with an increase in the curing time. Table 6.6 

summarised the presented results in this section. 
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Fig. 6.5. (a) Variation of CSR with cycle number to liquefaction at different effective 

confining pressure for sand mixed with 2% FA and 20% relative density. 

(b) Variation of CSR with cycle number to liquefaction for different curing 

times for sand mixed with 2% FA and 20% relative density under 50 kPa 

effective confining pressure.  
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Table 6.5. A summary of the results to investigate effect of the 50, 70 and 90 kPa effective 

confining pressure on liquefaction strength of the sand mixed with 2% FA 

and 20% relative density.  

No. Specimen 

Relative 

density, Dr, 

(%) 

Effective confining 

pressure, CP (kPa) CSR 
Number of cycles to 

liquefaction, NL 

1 

Sand+2%FA 20 

50 

0.5 201 

2 0.35 225 

3 0.2 290 

4 

70 

0.5 165 

5 0.35 205 

6 0.2 268 

7 

90 

0.5 152 

8 0.35 175 

9 0.2 203 
 

 

Table 6.6. A summary of the results to investigate effect of the 14 and 28 days curing time 

on liquefaction strength of the sand mixed with 2% FA and 20% relative 

density under 50 kPa effective confining pressure. 

No. Specimen 

Relative 

density, Dr, 

(%) 

Effective 

confining 

pressure, CP 

(kPa) 

CSR 

Curing 

time 

(days) 

Number of cycles 

to liquefaction, NL 

1 

Sand+2%FA 20 50 

0.5 

0 

201 

2 0.35 225 

3 0.2 290 

4 0.5 

14 

218 

5 0.35 239 

6 0.2 302 

7 0.5 

28 

250 

8 0.35 281 

9 0.2 347 
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6.1.6. Conclusion 

In this study, a series of cyclic triaxial tests have been performed to investigate the 

effect of fly ash (FA) on the liquefaction strength of sand. The effect of relative density, 

FA content, effective confining pressure and curing time have been compared and 

presented. To investigate the effect of relative density, two types of specimens, 

including untreated soil and sand mixed with 2% FA with 0.2 CSR under 50 kPa 

effective confining pressure with relative density of 20%, 40%, 60% and 80%, have 

been tested. The results suggested that specimens of sand mixed with 2% FA with 80% 

relative density have the most resistance for liquefaction in comparison with other 

relative densities. In continuing to determine the effect of FA content, a series of cyclic 

triaxial tests for the specimens mixed with 4% and 6% FA conducted under 50, 70 and 

90 kPa effective confining pressure with 20% relative density and 0.2 CSR. The results 

suggested that specimens with a higher FA content have a lower tendency to be 

liquefied. In the last stage of the study, effect of the effective confining pressure and 

curing time was studied. The results showed that the specimens of sand mixed with 

2% FA liquefied earlier under higher effective confining pressures. Furthermore, to 

investigate the effect of curing time, two specimens with 2% FA content were cured 

for 14 and 28 days and tested under 50 kPa effective confining pressure and 20% 

relative density. The results were then compared with an instantly tested specimen in 

a cyclic stress ratio (CSR) versus number to liquefaction (NL) graph. Results showed 

that an increase in curing time led to an increase in liquefaction resistance. 
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Part 2 
Effect of GGBFS on Cyclic Behaviour of Sand 
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6.2. Effect of GGBFS on Cyclic Behaviour of Sand 

6.2.1. Abstract 

Traditional agents such as Portland cement (PC) and lime are potential sources of 

carbon emission into the environment, and their applications have been discouraged 

by the environmental agencies. Ground granulated blast furnace slag (GGBFS) is a by-

product material that recently has drawn attention of the geotechnical engineers as an 

alternative for those mentioned hazardous agents. Previous studies mainly investigated 

mechanical behaviour of the GGBFS treated soil in static condition and dynamic 

behaviour of the GGBFS amended soil has not considered yet. This study investigates 

effect of GGBFS addition on liquefaction resistance of sand. Effect of three GGBFS 

contents (i.e., 3%, 5%, and 7% by dry weight), three effective confining stress (i.e., 

100, 200, and 400 kPa), three relative densities (i.e., 40%, 60%, and 80%), and three 

curing periods of 7, 14 and 28 days were investigated, and the results were presented. 

The investigations showed that increasing the GGBFS contents was effective to 

increase the liquefaction resistance of the soil. In addition, the results showed that the 

effective confining stress has an opposite relation with liquefaction resistance, and 

increasing the effective confining stress reduced the liquefaction resistance of the 

specimens. Moreover, the investigations on effect of relative density showed that 

increasing the relative density increased the cyclic strength of the GGBFS stabilised 

soil. Finally, investigations on effect of curing time showed that increasing the curing 

time is effective to enhance the liquefaction resistance of the GGBFS treated soils.  
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6.2.2. Introduction 

When the excess pore water pressure ratio (i.e., ru= ue/σʹ3) reaches one, the soil losses 

its strength and stiffness and liquefies (Elgamal et al. 2003; Karim and Allam 2014). 

Previous studies showed that the mitigation of liquefaction risks using chemical 

grouting is an effective method (Gouvenot 1998; Ishii et al .2011; Porcino et al. 2015). 

More studies conducted on effect of fibres and geotextiles also showed that their 

application is an effective method to reduce liquefaction of the soil (Vercueil et al. 

1997; Maheshwari et al. 2012; Noorzad and Amini 2014). Keramatikerman et al. 

(2017b) conducted a series of experimental study on liquefaction strength of fly ash 

added specimens and indicated that application of fly ash is effective to reduce cyclic 

behaviour of the soil. 

Application of chemical additives is a well-established approach in ground 

improvement projects. It has been proofed that traditional additives such as Portland 

cement (PC) and lime has adverse impacts on the environment and increase the carbon 

emission into the environment. In a study conducted by Higgins (2007), it was 

mentioned that production of one tons PC led to generation of 0.95 tone CO2 in the 

environment, 5000 MJ energy use, 1.5 tone mineral extraction, and 0.02 waste 

disposal. These negative impacts promote the practitioners to used environmental 

friendly alternatives (Higgins 2007; Keramatikerman et al. 2016; Vakili et al. 2016). 

Ground granulated blast-furnace slag (GGBFS) is a by-product from the steel industry, 

which application of this material is a well-accepted practice in ground improvement 

project as it improves the durability, sulphate and chloride resistance of the soil. It also 

provides protection against alkali silica reaction. This product has a hydration phases 

very similar to the PC and lime. For instance, generation of the ettringite, calcium 

silicate hydrate, calcium aluminium hydrate, and calcium aluminium silicate hydrate 
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are similar to PC. GGBFS has a low hydration product by itself and it is required to be 

mixed with a chemical activator such as PC (Keramatikerman et al. 2016). It has been 

indicated that production one tone of GGBFS lead to generation of 0.07 tone CO2 in 

the environment (carbon emission), usage of 1300 MJ energy, no mineral extractions 

and saving 1 tone waste disposal (Higgins 2007).   

Chand et al. (2017) conducted a series of short-term leaching tests such as strong acid 

digestion test (SADT), toxicity characteristics leaching procedure (TCLP), batch leach 

test (BLT), and American Society for Testing and Materials (ASTM) shake tests on 

slag. They indicated that the most of heavy metals such as lead (Pb), chromium (Cr), 

copper (Cu), iron (Fe), vanadium (V) nickel (Ni), Cadmium (Cd), selenium (S), and 

zinc (Zn), Cobalt (Co), manganese (Mn), and arsenic (As) are below the detection limit 

in slag, which categorise it as a non-hazardous since it has the minimum risk for the 

environment (Chand et al. 2017).  

In aforementioned literature importance of the liquefaction mitigation has been 

highlighted. In addition, it was revealed that application of traditional agents such PC 

and lime has been discouraged by the environmental agencies and there are some 

environmental friendly alternatives such as GGBFS. This study investigates effect of 

GGBFS on liquefaction behaviour of sand.  

 

6.2.3. Materials Used 

The sand used in this study was collected from Baldivis, a suburb in Perth, Western 

Australia. To investigate the physical characteristics of the collected soil, sieve 

analysis conducted in accordance with ASTM C136 (ASTM 2014b), and the results 

were presented in Fig. 6.6. The PSD analysis showed that the used sand has a D10 and 

D30 value of 0.18 and 0.3 mm respectively. In addition, it was determined that the used 
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soil has a D50 and D60 value of 0.4 and 0.45 mm respectively. This soil has a coefficient 

of uniformity (Cu) of 2.5 and a coefficient of curvature (Cc) of 1.19. The sieve analysis 

showed that the used soil is categorised as the well-graded soil in Unified Soil 

Classification System (USCS) [ASTM D2487, (ASTM 2011a)]. To investigate the 

constituent minerals of the used sand, X-ray powder diffraction (XRD) analysis 

performed, and the results showed that the used sand contains more than 80% quartz. 

This soil also has a specific gravity of (Gs) 2.67 based on pycnometer specific gravity 

test [ASTM D854, (ASTM 2014a)]. A series of standard compaction tests based on 

ASTM D1557 (ASTM 2012b) conducted on the used sand, and the results showed that 

this soil has an optimum moisture content (OMC) and a maximum dry density (MDD) 

of 13.94% and 1.62 t/m3 respectively. Fig. 6.7 shows a scanning electron micrograph 

(SEM) of the used sand. The GGBFS sourced from BGC Cement, a local provider in 

Perth, Western Australia. The used GGBFS has a specific gravity in the range of 2.8-

3.1, with a melting point of 1350 °C (BGC Cement, 2013). The PSD analysis 

conducted on used GGBFS based on ASTM C136 (ASTM 2014b) and ASTM D4221 

(ASTM 2011b), and the results showed that the D10 and D30 are equal to 0.01 and 0.035 

mm respectively. Furthermore, it was determined that the D50 and D60 are equal to 0.06 

and 0.065 mm respectively. The PSD analysis on GGBFS showed that this by-product 

material has a coefficient of uniformity (Cu) of 6.5 and a coefficient of curvature (Cc) 

1.88. The GGBFS has a compacted unit weight in a range of 1.12 t/m3 to 1.36 t/m3. 

Table 6.7 and Table 6.8 shows its mineral constituents and physical characteristics of 

used GGBFS respectively.   
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Table 6.7. Chemical composition of used GGBFS (BGC Cement 2013).    

GGBFS composition Formula Percentage 

Calcium oxide CaO 30–50% 

Silica, amorphous SiO2 35–40% 

Aluminium oxide Al2O3 5–15% 

Sulphur S 5% 

 

 

 

Table 6.8. Physical characteristics of used GGBFS (BGC Cement 2013).    

Characteristics  Value 

pH in dry state >7.0 

pH in wet plastic state >10.0 

Odour: ammonia 

Melting point: >1200º C 

Solubility: Not soluble 

Specific gravity 2.5 

Flash Point: Not applicable 

Hazardous Decomposition: None  

Hazardous Reactions None 

Ignition Temp: Not applicable 
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Fig. 6.6. Particle size distribution of used sand and GGBFS. 

 

 

Fig. 6.7. A typical SEM image shows geometry of the used sand in this study 
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6.2.4. Sample Preparation and Laboratory Test Setup 

To investigate effect of GGBFS on cyclic behaviour of the soil, a series of cyclic 

triaxial compression tests were performed in accordance with ASTM D5311 (ASTM 

2013) using an automated Bishop and Wesley triaxial apparatus. The tests were 

performed in a stress-controlled and consolidated undrained (CU) condition. In 

addition, to control the effect of temperature on the specimens, the tests were 

conducted in a moisture-controlled room with a temperature of 22±1°C. The 

specimens were prepared with 62.5 mm diameter and 125 mm height (i.e., aspect ratio 

of 2) according to the under-compaction method by moist-tamping the mixtures (Ladd 

1978; El Takch et al. 2015). To prepare the specimens, initially, the desired amount of 

soil was mixed with GGBFS and thoroughly mixed. When a uniform mixture was 

achieved, water was added based on the optimum moisture content (OMC) of each 

mixture obtained from standard proctor compaction tests, and completely mixed. 

Then, the soil was compacted in a steel, cylindrical, split mould in five layers until the 

desired height was achieved based on its maximum dry density (MDD) [ASTM 

D1557, (ASTM 2012b)]. Three different relative density values used to prepare the 

specimens of (i.e., 40, 60, and 80%). The relative density of each specimen computed 

using Eq. (6.2.1). 

𝐷𝑟  (%) =
𝑒𝑚𝑎𝑥 − 𝑒

𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛
× 100 (6.2.1) 

Where, emax= maximum void ratio; emin= minimum void ratio; and e= global void ratio. 

Based on the required relative density for each specimen, the mass of each mixture 

was computed and put into the mould in five layers and by the use of a small tamper 

according to moist tamping method (Ladd 1978). In this method, densification of the 
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lower layers is controlled by compaction of the upper layer. In fact, compaction of a 

new layer causes the lower layers have a density more than previously targeted. This 

linear variation in each layer from the first until the last layer helps to control the final 

relative density of the specimens during the preparation stage (Ladd 1978). Fig. 6.8 

shows a typical untreated sample during preparation. After the completion of sample 

preparation, the moulds were wrapped with a plastic bag and were stored for 7, 14, and 

28 days for curing (Schnaid et al 2001; Asghari 2003). When the curing period 

completed, the specimens were saturated by injecting de-aired water from bottom of 

the specimens. The saturation stage was completed when a B-value (Skempton 

constant) of at least 0.96 was achieved. The specimens were consolidated at three 

effective confining stress (σʹ3) of 100, 200, and 400 kPa. The amount of the post-

consolidation relative density (Dr) values were computed before conducting the test. 

Table 6.9 shows a summary of the conducted tests and key results in this study. Fig. 

6.9 shows an overview of structure of the study. 
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Fig. 6.8. A typical specimen during preparation in split mould. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.9. An overview of structure of the study  
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Table 6.9. Experimental program to investigate cyclic behaviour of the GGBFS treated soil. 

No. ID 
σʹ3 

(kPa) 

GGBFS 

(%) 

Curing time 

(days) 
CSR 

Pre-consolidation 

Dr (%) 

Post-

consolidation Dr 

1 S1 200 - - 0.20 60 62.5 

2 S2 200 - - 0.35 60 62.5 

3 S3 200 - - 0.50 60 62.5 

4 S-3G 200 3 7 0.20 60 62.5 

5 S-3G 200 3 7 0.35 60 62.5 

6 S-3G 200 3 7 0.50 60 62.5 

7 S-5G 200 5 7 0.20 60 62.5 

8 S-5G 200 5 7 0.35 60 62.5 

9 S-5G 200 5 7 0.50 60 62.5 

10 S-7G 200 7 7 0.20 60 62.5 

11 S-7G 200 7 7 0.35 60 62.5 

12 S-7G 200 7 7 0.50 60 62.5 

13 S-5G 100 5 7 0.20 60 62.5 

14 S-5G 100 5 7 0.35 60 62.5 

15 S-5G 100 5 7 0.50 60 62.5 

16 S-5G 400 5 7 0.20 60 62.5 

17 S-5G 400 5 7 0.35 60 62.5 

18 S-5G 400 5 7 0.50 60 62.5 

19 S1 200 - - 0.2 40 43.6 

20 S2 200 - - 0.2 80 81.4 

21 S-5G 200 5 7 0.20 40 43.6 

22 S-5G 200 5 7 0.35 40 43.6 

23 S-5G 200 5 7 0.50 40 43.6 

24 S-5G 200 5 7 0.20 80 81.4 

25 S-5G 200 5 7 0.35 80 81.4 

26 S-5G 200 5 7 0.50 80 81.4 

27 S-5G 200 5 14 0.20 60 62.5 

28 S-5G 200 5 14 0.35 60 62.5 

29 S-5G 200 5 14 0.50 60 62.5 

30 S-5G 200 5 28 0.20 60 62.5 

31 S-5G 200 5 28 0.35 60 62.5 

32 S-5G 200 5 28 0.50 60 62.5 
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6.2.5. Results and Discussions  

6.2.5.1. Effect of GGBFS Contents 

Fig. 6.10 shows typical results of cyclic triaxial tests for specimen treated with 5% 

GGBFS, at a CSR value of 0.20, a pre-consolidation relative density of 60% (Post-

consolidation relative density of 62.5%), under an effective confining pressure of 200 

kPa. In general, the effective mean principal stress (pʹ) reduces at low shearing strain 

due to tendency of the specimen to contraction and generation of the excess pore water 

pressure. A dilation behaviour happens for effective mean principal stress when the 

phase transformation line has been passed, and an increase in effective stress, and a 

reduction in pore water pressure happens due to dilative behaviour of the path which 

inclined the path toward right. This contractive and dilative cycle continues until the 

phase transformation line to be crossed (Elgamal et al. 2003). The main difference 

between effective stress path of untreated and GGBFS treated specimens is in the rate 

of decrement. In GGBFS treated specimens, generation of cementitious bonds 

amongst soil particles blocks generation of the pore water pressure and a lower rate of 

reduction happens, whereas, in the untreated specimens the pore water pressure easily 

generates amongst the voids and liquefies. 
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Fig. 6.10. Typical results of cyclic triaxial tests for GGBFS treated specimen (a) Effective 

stress path; (b) stress-strain relationship (hysteresis loop). 

 

Variations of the number of cycles to liquefaction (NL) with cyclic stress ratio (CSR) 

for untreated soil and GGBFS treated soil specimens under 400 kPa effective confining 

pressure at a pre-consolidation relative density of 60% (i.e., Post-consolidation relative 

density of 62.5%) were shown in Fig. 6.11(a) and (b) respectively. As can be seen, 

increasing the GGBFS contents of the specimens caused an increase for number of 

cycles to liquefaction. For instance, at a CSR of 0.20, the NL value for untreated soil 
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was 175, whereas, this value increased to 192, 207, and 215 when 3%, 5%, and 7% 

GGBFS were added to the specimens respectively. Similar trends were followed when 

the CSR value changed from 0.20 to 0.35, and 0.50. For example, at CSR of 0.35, 

untreated soil liquefied after 145 cycle numbers while, the specimens liquefied after 

161, 175, and 188 cycle numbers after addition of 3%, 5%, and 7% GGBFS contents. 

Similarly, at CSR value of 0.50, the untreated specimen liquefied after 115 cycle 

numbers while, addition of 3%, 5%, and 7% caused the specimens were liquefied at 

cycle’s numbers of 134, 141, and 159 respectively. 

Variations of the pore water pressure ratio (ru) with number of cycles to liquefaction 

(NL) for untreated and GGBFS treated specimens at CSR value of 0.2 were shown in 

Fig. 6.12. As can be seen, untreated soil liquefied earlier than the GGBFS treated 

specimens. 

Noorzad and Amini (2014) used Eq. (6.2.2) to quantify improvement of the specimens 

after application of an agent. 

𝐼𝑀𝑃 (%) =
𝑁𝐺 − 𝑁𝑆

𝑁𝑆
× 100% (6.2.2) 

Where, NG= number of cycles to liquefaction for GGBFS treated specimens; NS= 

number of cycles to liquefaction for untreated specimen. The improvement of the 

specimens using GGBFS were quantified using Eq. (6.2.2) in this study and were 

summarised in Table 6.10. As shown, the percentage of improvement increased by 

addition of GGBFS. For instance, an improvement in the range of 9.7% ≤ IMP ≤ 16.5% 

was recorded when the tests conducted at a CSR value of 0.20. Similarly, at the CSR 

values of 0.35 and 0.50, an improvement in the range of 18.3% ≤ IMP ≤ 22.6% and 

22.9% ≤ IMP ≤ 38.3% observed when a GGBFS content of 5% and 7% was applied 

in the specimens. Application of GGBFS in soil caused production of the cementitious 
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bonds such as calcium silicate hydrate and calcium aluminate hydrate amongst soil 

particles. Production of the cementitious bonds reduced the existing voids between soil 

particles and dissipated the pore water pressure.    

 

 

Table 6.10. Effect of GGBFS contents on improvement of the liquefaction resistance of the 

specimens under 200 kPa effective confining pressure and a pre-consolidation relative 

density of 60%. 
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Fig. 6.11. Effect of GGBFS contents on liquefaction resistance of the soil for specimens 

under effective confining pressure of 200 kPa and an initial relative density of 60% 

(a) variations of the cyclic stress ratio (CSR) versus number of cycles to 

liquefaction (NL); (b) variation of the cycle numbers (NL) versus GGBFS contents. 

 

Fig. 6.12. Effect of GGBFS contents on pore water pressure ratio of the specimens under 

200 kPa effective confining pressure, CSR value of 0.20, and an initial relative 

density of 60%  
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6.2.5.2. Effect of Effective Confining Pressure (σ′3) 

Figs. 6.13 (a) and (b) shows effect of effective confining stress (σ′3) on liquefaction 

behaviour of GGBFS treated soil at a pre-consolidation relative density of 60% (i.e., 

Post-consolidation relative density of 62.5%). As can be seen, increasing the effective 

confining pressure, reduced the liquefaction strength of the GGBFS treated specimen. 

For instance, the specimen liquefied at a cycle number of 219, 184, and 161 when the 

tests conducted under 100 kPa effective confining pressure at a CSR value of 0.20, 

0.35, and 0.50 respectively. Similarly, a cycle number in the range of 141 ≤ NL ≤ 207 

and 131 ≤ NL ≤ 187 was recorded when the tests conducted under 200 and 400 kPa 

effective confining pressure. In addition, it is seen from figures that the liquefaction 

resistance of the GGBFS treated specimens reduced by increasing the CSR value. 

Fig. 6.14 shows the typical curves for variations of the pore water pressure ratio (ru) 

with number of cycles to liquefaction (NL) for specimens treated with 5% GGBFS at 

a relative density of 60% under 100, 200, and 400 kPa effective confining pressure. 

As can be seen, increasing the effective confining pressure reduced the liquefaction 

resistance of the specimens. The recorded behaviour in this section is in agreement 

with reported results by Seed and Harder (1990). 
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Fig. 6.13. Effect of effective confining pressure on liquefaction resistance of the 5% GGBFS 

treated specimens at a pre-consolidation relative density of 60% (a) variations 

of the cyclic stress ratio (CSR) versus number of cycles to liquefaction (NL); 

(b) variation of the cycle numbers (NL) versus effective confining pressures. 
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Fig. 6.14. Effect of effective confining pressure on pore water pressure ratio of the GGBFS 

treated specimens for a CSR value of 0.20, a pre-consolidation relative density 

of 60%, GGBFS= 5%.  
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the relative densities of 60% and 80%. Furthermore, the figures showed that increasing 

the number of liquefaction at different relative density has an opposite relation with 

number of cyclic stress ratio (CSR), and the NL value decreased by increasing the CSR. 

Fig. 6.16 shows the effect of relative density for untreated and 5% GGBFS treated 

specimens, as can be seen, GGBFS treated specimens have more resistance to 

liquefaction than untreated specimens at the same relative density. For instance, the 

GGBFS treated specimens liquefied at the cycle numbers of 221, 207, and 189 at the 

relative density of 40%, 60%, and 80%, whereas the untreated specimens have NL 

values of 204, 187, and 175 at the same relative densities. Increasing relative density 

of the specimens caused reduction of void numbers amongst soil particles, which 

decline generation of the pore water pressure. Application of the GGBFS in the soil 

and filling the remained voids by hydration product such as calcium silicate hydrate 

and calcium aluminate hydrate provide more difficulties for generation of the pore 

water pressure. This behaviour promotes liquefaction strength of GGBFS treated sand 

in a greater Dr (Noorzad and Amini 2014; Keramatikerman et al. 2017b). 
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Fig. 6.15. Effect of initial relative density on liquefaction resistance of the GGBFS treated 

soil for specimens under effective confining pressure of 200 kPa (a) variations 

of the cyclic stress ratio (CSR) versus number of cycles to liquefaction (NL); 

(b) variation of the cycle numbers (NL) versus initial relative densities. 
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Fig. 6.16. Effect of relative density on liquefaction resistance of the untreated and GGBFS 

treated specimens for a pre-consolidation relative density of 60%, a GGBFS 

content of 5%, and a CSR value of 0.20.  
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also shows that greater values of liquefaction resistance recorded at lower values of 

CSR. 

Fig. 6.18 shows typical curves for variations of the pore water pressure ratio for 

GGBFS treated specimens after 7, 14, and 28 days curing time. As can be seen, 

increasing the curing time caused a delay to reach maximum value of pore water 

pressure ratio (i.e., ru= 1). 

Effect of curing time on cyclic strength of the GGBFS treated specimens were 

compared with untreated specimens and its improvement quantified in Table 6.11. As 

can be seen, curing of the specimen for 7 days, caused an improvement in the range of 

18.3% ≤ IMP ≤ 22.6% for a CSR value in the range of 0.20 ≤ CSR ≤ 0.50. The 

improvement of the GGBFS treated specimens followed its increasing trend in the 

range of 27.4% ≤ IMP ≤ 41.7% and 34.9% ≤ IMP ≤ 52.2% when 5% GGBFS treated 

specimens were cured for 14 and 28 days at the mentioned CSR range values 

respectively. Application of GGBFS causes production of the hydration products such 

as calcium silicate hydrate, calcium aluminate hydrate, and calcium silicate aluminate 

hydrate. As the time goes by, the pozzolanic reactions caused generation of the 

hydration products to be accelerated and greater amount of bonds to be formed 

amongst soil particles that hardly is broken during cyclic loads. It might be the main 

reason for increasing the liquefaction resistance of the soil by increasing the curing 

time. 
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Table 6.11. Effect of curing time on improvement of the liquefaction resistance of the 

specimens at a pre-consolidation void ratio of 60% and a GGBFS content of 

5%. 
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Fig. 6.17. Effect of curing time on liquefaction resistance of the GGBFS treated soil for 

specimens under effective confining pressure of 200 kPa and a pre-

consolidation relative density of 60% (a) variations of the cyclic stress ratio 

(CSR) versus number of cycles to liquefaction (NL); (b) variation of the cycle 

numbers (NL) versus curing time. 
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6.2.6. Conclusion 

Application of traditional agents to improve mechanical behaviour of the soils have 

been discouraged due to their carbon footprint, and their impact on the environment. 

Besides, more environmental friendly alternatives such as GGBFS have been proposed 

and used by previous researchers. Previous studies investigated mechanical behaviour 

of the GGBFS in a static state and no study conducted to investigate its dynamic 

behaviour. This study investigated liquefaction strength of GGBFS amended sand by 

performing undrained cyclic triaxial tests. Following conclusions can be drawn from 

the results:    

- Addition of 3%, 5%, and 7% GGBFS in the specimens caused an increase for 

the liquefaction resistance and improved in the range of 9.7% ≤ IMP ≤ 16.5%, 

18.3% ≤ IMP ≤ 22.6%, and 22.9% ≤ IMP ≤ 38.3% respectively.   

- The investigations showed that the effective confining pressure has an opposite 

behaviour with liquefaction resistance of the GGBFS treated soil, and the 

specimens under greater effective confining pressures showed a lower value of 

the cyclic strength.   

- Increasing the relative density of the GGBFS treated specimens, increased the 

liquefaction resistance of the specimens. A comparison between NL values of 

untreated specimens and GGBFS treated specimens at different relative 

densities showed that the GGBFS treated specimens have a greater liquefaction 

resistance in all cases. 

- Investigations on effect of curing time on cyclic strength of the GGBFS treated 

specimens showed that the specimens after 28 days and 14 day curing time 

have a greater NL values in comparison with 7 days treated specimens. The 

results showed that an improvement in the range of 18.3% ≤ IMP ≤ 22.6%, 
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27.4% ≤ IMP ≤ 41.7%, and 34.9% ≤ IMP ≤ 52.2% after 7, 14, and 28 days 

curing period were recorded. 
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6.3. CHAPTER CONCLUSIONS 

The chapter six investigated the effect of two binders (i.e., FA and GGBFS) on the 

cyclic liquefaction behaviour of sand. The first part of this chapter investigated the 

effect of fly ash (FA) on cyclic liquefaction behaviour of sand by performing a series 

of cyclic triaxial tests. The effect of relative density, FA contents, effective confining 

pressure, and the curing time were investigated, and the results were presented. The 

tests were conducted on two types of the specimens (i.e., untreated and 2% FA added) 

to investigate the effect of relative densities (i.e., 20, 40, 60, and 80%) and the results 

showed that 2% FA added specimens with a relative density of 80% has the greatest 

liquefaction resistance. In addition, the investigation on effect of FA contents (i.e., 0, 

2, 4, and 6%) showed that the specimens with a greater FA content have a higher cyclic 

liquefaction resistance. The analysis on the effect of effective confining pressure on 

2% FA added specimen showed that the specimens at a greater effective confining 

pressure intended to be liquefied earlier due to suppression of dilatancy of soil. To 

investigate the effect of curing time, the FA treated specimens were cured for 14 and 

28 days and then tested. The results showed that the specimens cured at a greater curing 

period have a greater liquefaction resistance. 

The second part of this chapter investigated the role of ground granular blast furnace 

slag (GGBFS) on cyclic liquefaction resistance of sand by performing a series of 

undrained cyclic triaxial tests. The effect of four GGBFS contents (i.e., 0, 3, 5, and 

7%), three effective confining stress (i.e., 100, 200, and 400 kPa), three relative 

densities (i.e., 40%, 60%, and 80%), and three curing periods of 7, 14 and 28 days 

were investigated, and the results were presented and analysed. In addition, the 

improvements in liquefaction resistance were quantified and presented in each section. 

The results showed that increasing the GGBFS contents is effective and improved the 
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liquefaction resistance of the specimens. The investigations showed that increasing the 

relative density is more effective in GGBFS treated specimens than untreated 

specimens to increase the liquefaction strength of the soil. The results showed that the 

GGBFS treated specimens have a lower liquefaction resistance when tested under a 

greater effective confining pressure, and when tested after a greater curing period.   
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Chapter 7 
Effect of Binders on Post-cyclic Behaviour  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



227 

 

CHAPTER INTRODUCTION 

The main failures in geotechnical structures such as embankments, dams, and slopes 

happen up to 24 hours after an actual seismic event. Therefore, strength analysis of the 

soil after a seismic event such as earthquake is of great importance. Beside of the 

seismic characteristics, the soil characteristics such as relative density, and the external 

loads are crucial parameters to analyse the post-cyclic behaviour of the soil. 

Investigation of the effect of two ground improvement additives (i.e., FA and GGBFS) 

on post-cyclic behaviour of sand is the topic of investigations in this chapter. 

The chapter seven is consisted of two parts. In the first part, the effect of FA on post-

cyclic strength characteristics of sand has been investigated, and in the second part the 

effect of GGBFS on post-cyclic strength characteristics of sand has been investigated. 

The results of the first part published by Keramatikerman et al. (2018b).   
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Part 1 
Effect of FA on Post-cyclic Behaviour of Sand 
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7.1. Effect of FA on Post-cyclic Behaviour of Sand 

7.1.1. Abstract 

The main failures in geotechnical structures like slopes and embankments usually 

happen only a few hours after an earthquake event, hence investigation of the strength 

characteristics of soil after a seismic event is of great importance. The effect of fine-

grained on strength characteristics of soil in post-cyclic phase significantly has been 

investigated, however the effect of some by-product admixtures such as fly ash (FA) 

is unknown. This study focused to investigate the effect of FA addition on post-cyclic 

behaviour of sand by performing a series of undrained post-cyclic monotonic triaxial 

compression tests. The effect of four FA contents (i.e., 0, 2, 4, and 6% by dry weight), 

three pre-consolidation relative densities (i.e., 20, 40, and 60%), and three initial mean 

effective stress (i.e., 50, 70, and 90 kPa) were investigated. To conduct the post-cyclic 

tests, initially the cyclic tests were performed until a desired pore water pressure ratio 

(ru) (i.e., 0.25, 0.50, or 0.75) and then the post-cyclic test initiated. In addition, a series 

of undrained monotonic triaxial tests were conducted to investigate effect of zero pore 

water pressure ratio (ru= 0). The results showed that increasing the FA contents is 

effective to increase the ultimate deviatoric strength (qu) of the specimens. 

Furthermore, investigations showed that the FA treated specimens have a greater qu 

value at a higher relative density and lower initial mean effective stress.           

  

7.1.2. Introduction 

7.1.2.1. Post-cyclic Behaviour of Soil 

The geo-structures such as slopes and embankments can be damaged during cyclic 

loadings triggered by a seismic event like earthquake. The damaging and failures can 

be continued even after an actual seismic event by reduction of shear strength and 
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stiffness of the soil structure. It has been reported that most failures in earth dams have 

acquired from just a few hours to up to 24 h after an earthquake event (Wang et al. 

2015a; Soroush and Soltani-Jigheh 2009). This phenomenon is known as delayed 

failure or delayed response and highlights the importance of the post-cyclic behaviour 

of the soil (Wang et al. 2015a). Previous researches investigated the post-cyclic 

behaviour of soil (Noorzad and Shakeri 2017; Ishihara et al. 2016; Kargar et al. 2016; 

Wang et al. 2016: 2015b; Kaya and Erken 2015; Pillai et al. 2014; Tavakoli et al. 2011; 

Mollamahmutoglu and Yilmaz 2010; Ashour et al. 2009; Zand et al. 2009; Erken and 

Ulker 2007; Shafiee 2006; Shamoto et al. 1998; Kiku and Tsujino 1996; Chern and 

Lin 1994). For instance, Rouholamin et al. (2017) investigated effect of initial relative 

density on post-liquefaction behaviour of the soil by performing a series of cyclic 

triaxial tests on four types of soil after their liquefaction state. They highlighted the 

importance of three parameters of the initial shear modulus, critical state shear 

modulus, and post-dilation shear strain as dependent parameters in initial 

relative density and in forming stress path behaviour (q-p') of sand in post-

liquefaction phase. In another study, Hazirbaba and Omarow (2015) investigated the 

settlement behaviour of sand after post-cyclic loading by performing a series of strain-

controlled undrained cyclic triaxial tests. They also investigated the effect of excess 

pore water pressure, triggered shear strain, confining pressure, loading cycles, and 

relative density on settlement of the soil in post-cyclic phase. They indicated that the 

settlement of the soil in post-liquefaction phase is mainly correlated with excess pore 

water pressure and increasing the excess pore water pressure increase the settlement 

behaviour of the soil. They also indicated that increasing the confining pressure in the 

range of 100 to 400 kPa reduced the excess pore water pressure build-up. In one study, 

Noorzad and Shakeri (2017) investigated the effect of silt contents on post liquefaction 
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behaviour of the sand. They indicated that the ultimate deviatoric strength of the soil 

is changed by increasing the silt contents. For example, the deviatoric strength of the 

soil reduced by increasing the silt content of the sand by 15% and increased by 

increasing the silt content by 30%. 

In laboratory, the post-cyclic phase is simulated using a cyclic triaxial device by 

monotonically applying a loading stress after a targeted number of cyclic loadings or 

a specified pore water pressure ratio. Fig. 7.1 schematically compares the stress-strain 

(q-p') phase in monotonic (ru= 0), post-cyclic (ru= 0.5), and post-liquefaction (ru= 1) 

tests.   

 

 

 

 

 

 

 

 

 

Fig. 7.1. Schematic overview for stress-strain (q-p') and pore water pressure ratio (ru-εa) 

phases in monotonic and two post-cyclic tests  
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7.1.2.2. Ground Improvement 

Application of soil stabilisation agents is a well-accepted approach in ground 

improvement. However, Portland cement (PC) and lime are two effective agents to 

increase shear strength characteristics of the soil, their application is accompanying 

with environmental risks and application of more environmental friendly agents have 

been encouraged (Keramatikerman et al. 2016). Fly ash (FA) is a fine and grey by-

product materials which is generated from fired coal in power stations. It has a well-

round shape particle and has pozzolanic characteristics which encourage the 

practitioners to use it in ground improvement projects. Previous studies investigated 

the effect of fly ash in ground improvement (Keramatikerman et al. 2017b; 

Horpibulsuk et al. 2011: 2009; Prabakar et al. 2004 amongst others). For example, 

Keramatikerman et al. (2016) investigated the effect of fly ash on liquefaction strength 

of the soil and indicated that application of fly ash is effective to increase the cyclic 

strength of the soil.  

In aforementioned literature, the importance of the post-cyclic phase in stability of the 

geo-structures after a seismic event highlighted. Furthermore, it was determined that 

application of some environmental friendly agents such as fly ash is effective to 

improve the cyclic strength of the soil, however, its behaviour after cyclic loadings 

(i.e., post-cyclic phase) is known. Hence, this study aims to investigate the effect of 

fly ash on post-cyclic behaviour of the soil. This study is in continue of the effect of 

Fly ash on liquefaction behaviour of soil at Curtin University (Keramatikerman et al. 

2017b).    
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7.1.3. Materials and Methods 

7.1.3.1. Materials Used 

A local sand commercially known as Baldivis sand was supplied from south of Perth, 

Western Australia. The sieve analysis conducted on the used sand based on ASTM 

C136 (ASTM 2014b) and the results were presented in Fig. 7.2. The sieve analysis 

showed that this soil has a uniformity coefficient (Cu) and a coefficient of curvature 

(Cc) of 2.5 and 1.19 respectively. This sand is a poorly graded soil (SP) based on the 

Unified Soil Classification System (USCS) [(ASTM D2487, (ASTM 2011a)], and has 

a specific gravity (Gs) of 2.67. The X-ray powder diffraction (XRD) analysis showed 

that the quartz (Q) is the main constituent of the used sand. Furthermore, the scanning 

electron microscopy (SEM) image analysis on used sand revealed that this soil has an 

angular morphology [see Fig. 7.3]. The used fly ash (FA) was sourced from a local 

supplier in Perth, Western Australia (Flyash Australia 2016). The XRD analysis 

showed that quartz (Q), Mullite (Mu), and hematite (H) are the main constituent 

minerals of the used FA (Keramatikerman et al. 2017b). In addition, the specific 

gravity of used FA was 3.1. The scanning electron microscopy (SEM) image of used 

fly ash showed that the used fly ash consists of spherical particles. Fig. 7.4 shows the 

SEM analysis of used fly ash. 
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Fig. 7.2. Particle size distribution of used materials 

 

 

Fig. 7.3. Scanning electron microscopy (SEM) image of used sand  

 

0

10

20

30

40

50

60

70

80

90

100

0.0001 0.001 0.01 0.1 1 10

P
as

si
n

g 
(%

)

Grain size distribution (mm)

Untreated soil

Flyash

(a) 

Sand Fines 

D60=0.4

5 

D30=0.31 

D10=0.1

8 

Untreated Soil 

Cc=1.19 

Cu=2.5 

Angular soil 

particles 



235 

 

 

Fig. 7.4. Scanning electron microscopy (SEM) image of used fly ash (FA)  

 

7.1.3.2. Specimen Preparation  

The specimen preparation has a crucial role in a triaxial testing since application of 

different techniques lead to different results. The wet tamping method is a widely 

accepted technique to prepare the triaxial specimens. This method provides an 

appropriate level of integrity and homogeneity for sandy specimens. This method also 

helps the user to have a better control on the density and void ratio of the specimens 

(Ladd 1978). The wet tamping method was employed in this study to prepare the 

specimens.  

To prepare the specimens, initially the desired amount of soil and FA (i.e., 0, 2, 4, and 

6% by dry weight) was mixed with water based on the optimum moisture content of 

each mixture acquired from compaction tests and thoroughly stirred. After that, the 

mixture was placed into a cylindrical split mould while a membrane pulled inside of 

the mould. The membrane was tightened inside of the mould wall with an applied low 

(b) 

Well-rounded FA particles 
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vacuum throughout the sample preparation phase. Each mixture was compacted in five 

layers and compacted until the desired height obtained (i.e., 125-mm) based on the 

maximum dry density (MDD) values acquired from the compaction tests. A filter 

paper and porous stone with a dimeter of 65-mm was placed on bottom and on top of 

each sample for ease of saturation before and after sample preparation respectively. 

The specimens were prepared with initial relative densities (Dr) of 20, 40, and 60%.     

 

7.1.3.3. Testing Procedure 

Upon completion of the sample preparation, each specimen was put inside of the 

triaxial chamber and then the triaxial cell was mounted on the cell base of the triaxial 

device. The saturation phase was completed when the coefficient of Skempton (i.e., B-

value), which is computed by dividing the pore water pressure by the cell pressure 

(i.e., Δu/Δσ3) is equal or greater than 0.95. When the saturation phase completed, the 

specimens isotropically were consolidated under the desired initial mean effective 

stress (p0') of 50, 70 or 90 kPa. The post-consolidation relative density (Drp) of the 

specimens were computed by measuring the volumetric strain after completion of 

consolidation phase. To perform the post-cyclic tests, initially the stress-controlled 

cyclic triaxial compression tests were conducted with sinusoidal stresses, and a cyclic 

stress ratio (CSR) of 0.2 at a frequency of 1 Hz. The cyclic tests were in accordance 

with ASTM D5311 (ASTM 2013) and continued until the pore water pressure ratio 

(ru) reached 0.25, 0.50, or 0.75 before sample failure. Furthermore, a series of 

undrained monotonic triaxial tests were conducted in accordance with ASTM D7181 

(ASTM 2011e) to investigate the effect of zero pore water pressure ratio (i.e., ru = 0) 

on specimens. The pore water pressure ratio is computed by dividing the excess pore 

water pressure which is triggered by deviatoric stresses by initial mean effective stress 
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(i.e., ru= u/p0') is an appropriate benchmark to evaluate the post-cyclic behaviour of 

the specimens rather than other parameters such as shear strain since the pore water 

pressure dramatically increases in a short range of shear strain which provide more 

complexity for the results. Upon completion of the cyclic stage, the post-cyclic testing 

phase was initiated by monotonically loading of the specimens with a shear strain rate 

of 0.1 mm/min until an axial strain of 25%. Fig. 7.5 shows the typical effective stress 

paths recorded in cyclic loading stage for untreated specimens with an initial relative 

density of 20% under 50 kPa initial mean effective stress at pore pressure ratios of 

0.25, 0.50, and 0.75. As shown, at a greater ru the specimens have a greater loading 

cycle number and are close to flow liquefaction state. Table 7.1 shows the test program 

followed in this study to conduct the tests. 
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Fig. 7.5. Typical effective stress paths (q-p') recorded in cyclic stage and before initiation of the post-

cyclic phase for (a) ru= 0.25; (b) ru= 0.50; and (c) ru= 0.75   
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Table 7.1. Experimental program and key results for tests 

Test No. Test type Test ID FA content (%) p0' (kPa) CSR Dr Drp  ru 

1 Static SS1 - 50 - 20 21.6  - 

2 Post cyclic PS1 - 50 0.2 20 21.6  0.25 

3 Post cyclic PS2 - 50 0.2 20 21.6  0.50 
4 Post cyclic PS3 - 50 0.2 20 21.6  0.75 

5 Static SSF1 2 50 - 20 21.6  - 

6 Post cyclic PS4 2 50 0.2 20 21.6  0.25 
7 Post cyclic PS5 2 50 0.2 20 21.6  0.50 

8 Post cyclic PS6 2 50 0.2 20 21.6  0.75 

9 Static SSF2 4 50 - 20 21.6  - 

10 Post cyclic PS7 4 50 0.2 20 21.6  0.25 
11 Post cyclic PS8 4 50 0.2 20 21.6  0.50 

12 Post cyclic PS9 4 50 0.2 20 21.6  0.75 

13 Static SSF3 6 50 - 20 21.6  - 
14 Post cyclic PS10 6 50 0.2 20 21.6  0.25 

15 Post cyclic PS11 6 50 0.2 20 21.6  0.50 

16 Post cyclic PS12 6 50 0.2 20 21.6  0.75 

17 Static SSF4 - 50 - 40 42.1  - 
18 Post cyclic PS13 - 50 0.2 40 42.1  0.25 

19 Post cyclic PS14 - 50 0.2 40 42.1  0.50 

20 Post cyclic PS15 - 50 0.2 40 42.1  0.75 
21 Static SSF5 - 50 - 60 62.3  - 

22 Post cyclic PS16 - 50 0.2 60 62.3  0.25 

23 Post cyclic PS17 - 50 0.2 60 62.3  0.50 
24 Post cyclic PS18 - 50 0.2 60 62.3  0.75 

25 Static SSF6 2 50 - 40 42.1  - 

26 Post cyclic PS19 2 50 0.2 40 42.1  0.25 

27 Post cyclic PS20 2 50 0.2 40 42.1  0.50 
28 Post cyclic PS21 2 50 0.2 40 42.1  0.75 

29 Static SSF7 2 50 - 60 62.3  - 

30 Post cyclic PS22 2 50 0.2 60 62.3  0.25 
31 Post cyclic PS23 2 50 0.2 60 62.3  0.50 

32 Post cyclic PS24 2 50 0.2 60 62.3  0.75 

33 Static SSF8 2 70 - 20 21.6  - 
34 Post cyclic PS25 2 70 0.2 20 21.6  0.25 

35 Post cyclic PS26 2 70 0.2 20 21.6  0.50 

36 Post cyclic PS27 2 70 0.2 20 21.6  0.75 

37 Static SSF9 2 90 - 20 21.6  - 
38 Post cyclic PS28 2 90 0.2 20 21.6  0.25 

39 Post cyclic PS29 2 90 0.2 20 21.6  0.50 

40 Post cyclic PS30 2 90 0.2 20 21.6  0.75 
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7.1.4. Results and Discussion  

7.1.4.1. Typical Monotonic Triaxial Tests 

Fig. 7.6 shows the typical results of undrained monotonic triaxial compression tests 

conducted on untreated soil and FA treated specimens with a pre-consolidation relative 

density (Dr) of 20% under 50 kPa initial mean effective stress (p'0). It is seen from the 

figure that the untreated soil (i.e., SS1) has a contractive behaviour until around 4% 

axial strain then its stress path changes to strain-hardening until the end of the test. The 

variation of the excess pore water pressure versus axial strain (u-εa) for SS1 specimen 

also shows that the pore water pressure dramatically increases until around 4% axial 

strain and then it shows a constant trend until the end of the test. The results show that 

the addition of FA into the specimens changed the stress-strain behaviour of the soil. 

For instance, while the untreated soil has a strong strain-softening behaviour, addition 

of FA caused the FA added specimens (i.e., SSF1, SSF2, and SSF3) to have a weak 

strain-softening behaviour. Furthermore, increasing the FA contents of the specimens 

improved the ultimate deviatoric stress (qu) of the specimens. The pore water pressure 

build-up also shows a decreasing trend by increasing FA contents. In fact, the FA 

particles fill the microscopic pores amongst sand particles and prevent generation of 

the pore water pressure. This may be the main reason for increasing the ultimate 

deviatoric strength for FA treated specimens. 
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Fig. 7.6.  Typical undrained shear response for untreated soil and FA treated specimens 

with an initial relative density of 20% under 50 kPa initial mean effective 

stress acquired from monotonic triaxial tests (a) stress path (q-p′); (b) stress-

strain relation; and (c) excess pore water pressure versus axial strain.  

 

7.1.4.2. Post-cyclic Triaxial Tests 

7.1.4.2.1. Effect of FA contents 

Fig. 7.7 shows the stress-strain (q-p') results for post-cyclic monotonic triaxial tests 

performed on untreated and FA treated specimens when specimens prepared with a 

pre-consolidation relative density of 20% under an initial mean effective stress of 50 

kPa when the pore water pressure ratio reached 0.25 0.50, and 0.75 after cyclic tests. 

Furthermore, the results of undrained monotonic triaxial tests (ru= 0) have been 

presented as a benchmark for untreated and FA treated specimens. It is seen from the 

figure that increasing the FA contents of the specimens increased the ultimate 

deviatoric stress of the specimens. For instance, the untreated soil has the lowest value 

of ultimate deviatoric stress and 6% FA treated specimens have the greatest value of 

ultimate deviatoric stress. In addition, it is seen from the figure that the specimens at a 

greater pore water pressure ratio has a lower value of ultimate deviatoric stress (qu). 

This behaviour can be attributed to the effect of a higher number of cyclic loadings 

applied on the specimens at a greater ru that causes a more sliding behaviour for the 

soil particles and an increase for the pore water pressure and finally liquefaction state 

for the specimen at pore water pressure ratio equal to one. This may be the main reason 

for a greater value of ultimate deviatoric stress for tested specimens at ru= 0 (i.e., 

triaxial monotonic tests) since no cyclic loadings have been applied on the specimens 

and they have a more stable structure. As shown, the applied initial cyclic loading have 

negative impacts on ultimate deviatoric stress of the specimens and reduce it. This 
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effect is more apparent in untreated soil and less obvious for FA treated specimens 

indicating effectiveness of FA in post-cyclic phase.  

Fig. 7.8 shows variations of the normalised ultimate deviatoric stress (qu/qu (Mon)) as a 

summary for the effect of FA contents on ultimate deviatoric stress of the specimens 

in post-cyclic phase at different pore pressure ratio. This figure clearly shows that 

increasing the pore pressure ratio reduced the ultimate deviatoric stress and addition 

of FA was effective to reduce this increment.   
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Fig. 7.7. Effect of FA contents on stress path (q-p′) in post-cyclic tests (a) untreated soil; 

(b) FA=2%; (c) FA=4%; and (d) FA=6%.  
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Fig. 7.8. Variations of the ultimate deviatoric stress acquired from post-cyclic tests for 

untreated and FA treated specimens    

 

7.1.4.2.2. Effect of Relative Density 
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densities of 20, 40, and 60% under 50 kPa initial mean effective stress and pore water 

pressure ratios of zero and 0.5. It is seen from the figure that both untreated soil 

specimens tested at ru= 0 and 5 show a limited-liquefaction behaviour at a pre-
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results show that increasing the relative density in FA treated specimens even 

increased more the ultimate deviatoric stress of the specimens and the increase in 

ultimate deviatoric stress of FA treated soil is more apparent than the untreated soil by 

increasing the relative density. Fig. 7.10 shows a summary for the variations of the 
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clearly shows that densification of FA treated specimens is more effective and provide 

a greater value for ultimate deviatoric stress.    
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Fig. 7.9. Typical stress path (q-p′) acquired from post-cyclic tests on (a) untreated soil; 

(b) FA=2%; (c) FA=4%; and (d) FA=6%.  
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Fig. 7.10. Effect of relative density in variations of ultimate deviatoric stress in post-

cyclic phase for untreated and 2% FA treated specimens for (a) Dr= 20%; 

(b) Dr = 40%; and (c) Dr = 60%.     

 

7.1.4.2.3. Effect of Initial Mean Effective Stress 

Fig. 7.11 shows a summary for undrained monotonic and post cyclic triaxial tests 

conducted on 2% FA treated specimens at a pre-consolidation relative density of 20% 

under effective confining pressures of 50, 70, and 90 kPa. It is seen from the figure 

that increasing the initial mean effective stress reduced the ultimate deviatoric stress 

at all tested pore water pressure ratios. For instance, the ultimate deviatoric stress at a 

pore water pressure ratio of zero (monotonic test) is 81, 73, and 64 when the tests 

conducted under an effective confining pressure of 50, 70, and 90 kPa. Increasing the 

pore water pressure ratio to 0.25 cause an ultimate deviatoric stress of 74, 65, and 57 

kPa for the effective confining pressure of 50, 70, and 90 kPa. Similarly, the specimens 

have an ultimate deviatoric stress in the range of 44 ≤ qu ≤ 61 kPa and 41 ≤ qu ≤ 55 

kPa when the tests conducted under 90 to 50 kPa effective confining pressure and at 

pore water pressure ratios of 0.50 and 0.75 respectively. The recorded behaviour is due 

to the soil dilatancy and consistent with critical state of soil behaviour and is consistent 

with reported results by Seed and Harder (1990).      
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Fig. 7.11. Effect of initial mean effective stress in variations of ultimate deviatoric stress 

acquired from monotonic and post-cyclic tests for 2% FA treated 

specimens.     

 

7.1.5. Conclusions  

This study investigated the effect of fly ash (FA) addition on post-cyclic behaviour of 

the soil by performing a series of undrained monotonic triaxial and post cyclic 

monotonic tests. The effect of four different FA contents (i.e., 0, 2, 4, and 6% by dry 

weight), three pre-consolidation relative densities (i.e., 20, 40, and 60%), and three 

effective confining pressures (i.e., 50, 70, and 90 kPa) on post-cyclic behaviour of the 

soil were investigated. To conduct the post-cyclic tests initially the cyclic loads applied 

on the specimens until they reached the desired pore water pressure ratios of 0.25, 

0.50, and 0.75. Furthermore, the results for pore water pressure ratio of zero was 

acquired from the monotonic triaxial tests. The following conclusions can be drawn 

from the results.   
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- Investigation of effect of FA contents on post-cyclic behaviour of the soil 

showed that increasing FA contents increased the ultimate deviatoric stress of 

the specimens in all tested pore water pressure ratios after cyclic loadings.  

- The results showed that the ultimate deviatoric stress of the specimens in the 

post-cyclic phase reduced when the post-cyclic tests initiated at a greater pore 

water pressure ratio after cyclic loadings. This behaviour was attributed to 

greater cycle numbers that applied on the specimens and provided a more 

metastable soil structure.    

- The investigation of effect of relative density showed that increasing the pre-

consolidation relative density from 20% to 40 and 60% of the specimens 

increased the ultimate deviatoric stress. This increase was less prone in 

untreated soil and more apparent in FA treated specimens.  

- The Investigations showed that increasing the initial mean effective stress from 

50 kPa to 70 and 90 kPa reduced the ultimate deviatoric stress of FA treated 

specimens. This behaviour was attributed to dilatancy of soil and consistent 

with critical state of soil and literature.            

 

 

 

 

 

 



252 

 

 

 

 

Part 2 
Effect of GGBFS on Post-cyclic Behaviour of Sand 
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7.2. Effect of GGBFS on Post-Cyclic Behaviour of Sand 

7.2.1. Abstract 

Although during an actual seismic event some soil failures occur with geo-structures, 

the main damage can occur up to 24 hours after the actual event. This phenomenon is 

known as “delayed failure” or “delayed response” and highlights the importance of the 

post-cyclic behaviour of soil. This shows that the efforts to mitigate the destructive 

effects of post-cyclic loadings should be as great as efforts to reduce the catastrophic 

effects in the cyclic stage. This study aims to investigate the effect of ground 

granulated blast furnace slag (GGBFS) on the post-cyclic behaviour of soil by 

performing a series of post-cyclic undrained monotonic triaxial compression tests. The 

effect of four GGBFS contents (i.e., 0, 3, 5, and 7), and three initial mean effective 

stresses of 100, 200, and 400 kPa on the post-cyclic behaviour of the soil were 

investigated and the results were presented. To conduct the post-cyclic tests, initially 

cyclic loadings were applied on the specimens with initial relative densities of 40 

and/or 60% until the pore water pressure ratio reached a desired level (i.e., 0.25, 0.50, 

or 0.75), then the post-cyclic tests were initiated. The results showed that the addition 

of GGBFS is effective to increase the ultimate deviatoric strength (qu) of the specimens 

in the post-cyclic phase. Furthermore, investigation of the effect of initial mean 

effective stress (p') showed that the GGBFS treated specimens under a greater p' had 

lower values of ultimate deviatoric stress. Finally, the investigations showed that the 

densification of the GGBFS treated specimens is more effective to improve the 

ultimate deviatoric strength of the specimens than untreated soil.     
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7.2.2. Introduction 

The pore water pressure build-up happens in saturated granular sand during an 

earthquake event which causes a reduction in the strength of the soil. If the generation 

of pore water pressure continues, by the seismic loadings, the pore water pressure ratio 

reaches one (ru= 1), and the sand will become liquefied. This disastrous phenomenon 

is known as liquefaction. The possibility of soil failure after a seismic event is high 

and this possibility is even higher when the soil is liquefied. Previous studies have 

been conducted to investigate different aspects of the post-cyclic and post-liquefaction 

of soil (Ishihara et al. 2016; Wang et al. 2016: 2015a: 2015b; Kaya and Erken 2015; 

Pillai et al. 2014; Tavakoli et al. 2011; Ashour et al. 2009; Zand et al. 2009; Erken and 

Ulker 2007; Shafiee 2006; Shamoto et al. 1998; Kiku and Tsujino 1996; Chern and 

Lin 1994). Besides the properties of the seismic event, the soil’s characteristics have a 

crucial role during post-liquefaction or the post-cyclic stage. For instance, Noorzad 

and Shakeri (2017) investigated the effect of non-plastic fine-grained soil on the 

ultimate deviatoric strength (qu) of sand in the post-cyclic stage. They indicated that 

the addition of 15% silt reduce the ultimate deviatoric strength. They also indicated 

that the addition of 30% silt into the specimens can increase the ultimate deviatoric 

strength of the specimens when the silt motions change the particle contacts amongst 

coarser grains, otherwise it decreases its strength. Rouholamin et al. (2017) highlighted 

the importance of the initial relative density on the post-liquefaction behaviour of soil. 

They indicated that when a liquefied soil is sheared monotonically, stiffness recovery 

is a factor in initial relative density. They also determined three post-liquefaction 

parameters which were functions of the initial relative density and provided a 

correlation between them. In another study, Mollamahmutoglu and Yilmaz (2010) 

investigated the pre-cyclic and post-cyclic characteristics of colloidal silica grouted 
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sand by performing a series of cyclic loading tests on specimens at different cyclic 

stress and suspension ratios and indicated that the stabilised soil has an appropriate 

resistance against cyclic deformation. Kargar et al. (2016) investigated post-cyclic 

behaviour of carbonate sand at different effective confining stresses. They investigated 

the effect of post-cyclic loading on particle breakage by performing grading analysis 

after the tests. They indicated that particle breakage occurred even when the tests were 

conducted under the lowest effective confining pressure, however, they could not find 

a correlation between post-cyclic behaviour and particle breakage. It has been 

indicated that the cyclic stress ratio (CSR), consolidation type, and the residual cyclic 

strain are effective parameters in forming post-cyclic strength of sand. In another 

study, Soroush and Soltani-Jigheh (2009) investigated the effect of coarse contents 

(sand and/or gravel), number of cycles, effective confining pressure, and cyclic strain 

amplitude on the pre and post-cyclic behaviour of a mixed clay soil. They indicated 

that increasing the coarse contents of the soil promotes the generation of the pore water 

pressure ratio. The post-cyclic phase is simulated using a cyclic triaxial device in the 

laboratory. Fig. 7.12 shows a schematic overview of the monotonic, post-cyclic, and 

post-liquefaction phases in a stress path plane.   
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Fig. 7.12. Schematic overview for stress-strain (q-p') and pore water pressure ratio (ru-εa) 

phases in a monotonic and two post-cyclic tests  

 

In recent years, the application of non-environmentally friendly admixtures, such as 

lime and Portland cement (PC), have been discouraged and the application of more 

environmentally friendly admixtures like GGBFS have been promoted by many 

practitioners (Keramatikerman et al 2016; Higgins 2007 amongst others). The granular 

blast furnace slag (GGBFS) is an abundant by-product material that is generated from 

the steel industry and has pozzolanic and hydration reactions similar to PC. The 

production of this material is not only more cost-effective and energy saving but also 

reduces the carbon footprint in the environment (Higgins 2007). Previous studies on 

monotonic liquefaction resistance of the sand showed that this material is effective to 

improve liquefaction resistance of the soil (Sabbar et al. 2017).         
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The importance of the post-cyclic phases in a seismic event has been investigated in 

aforementioned literatures. Furthermore, it was determined that the application of 

some environmental friendly agents such as GGBFS is effective to improve the 

mechanical characteristics of the soil, however, its behaviour after cyclic loadings (i.e., 

post-cyclic phase) is unknown. Hence, this study aims to investigate the effect of 

GGBFS on the post-cyclic behaviour of the soil.  

 

7.2.3. Materials Used  

The Baldivis sand was sourced from a local supplier in Perth, Western Australia. Fig. 

7.13 shows the results of the sieve analysis [(ASTM C136, (ASTM 2014b)] on the 

used sand. This sand has a uniformity coefficient (Cu) of 2.5 and a coefficient of 

curvature of 1.19 according to the sieve analysis. The used sand is categorised as a 

poorly graded soil (SP) based on the Unified Soil Classification System (USCS) 

[(ASTM D2487, (ASTM 2011a)]. Furthermore, its specific gravity (Gs) is 2.67. Quartz 

(Q) is the main mineral of the used sand based on the X-ray powder diffraction (XRD) 

analysis. Fig. 7.14 shows a scanning electron microscopy (SEM) image from the used 

sand. The used GGBFS was sourced from BGC Cement, a local supplier in Perth, 

Western Australia. The used GGBFS has a specific gravity in the range of 2.8 - 3.1 

and a melting point of 1350 °C. Table 7.2 shows its mineral constituents. Fig. 7.15 

shows the SEM analysis of the used GGBFS. 
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Table 7.2. Chemical composition of the used GGBFS (BGC Cement 2013).    

GGBFS composition Formula Percentage 

Calcium oxide CaO 30–50% 

Silica, amorphous SiO2 35–40% 

Aluminium oxide Al2O3 5–15% 

Sulphur S 5% 

    

 

 

Fig. 7.13. Particle size distribution of used materials 
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Fig. 7.14. Scanning electron microscopy (SEM) image of used sand  

 

 

Fig. 7.15. Scanning electron microscopy (SEM) image of used GGBFS  
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7.2.4. Sample Preparations and Testing Setup  

In this study the wet tamping method, a widely used sample preparation technique for 

a sandy soil in triaxial testing, was employed since the homogeneity and the integrity 

of the sample is in a satisfactory condition, and as this method also provides better 

control of the void ratio of the specimens (Ladd 1978). The GGBFS was mixed with 

sand in four percentages of 0, 3, 5, and 7% (by dry weight of the soil) and thoroughly 

mixed. Then, water was added into the mixture according to the optimum moisture 

content acquired from compaction tests and completely stirred until a uniform mixture 

was achieved. The mixtures were placed into a cylindrical split mould. A membrane 

was pulled off and tightened and a low vacuum was applied inside of the split mould 

during the sample preparation stage. The mixtures were compacted in five layers until 

a height of 125-mm was obtained. In addition, the samples have a diameter of 65-mm 

which provided an aspect ratio of 2 for the specimens. The specimens were prepared 

with an initial relative density (Dr) of 40% or 60%.     

After sample preparation, the testing was initiated with saturation of the specimens. 

The saturating of the specimens was continued until the coefficient of Skempton (i.e., 

B-value) was equal or greater than 0.95. This coefficient is computed using Eq. (7.2.1).  

𝐵𝑉𝑎𝑙𝑢𝑒 =
∆𝑢

∆𝜎3
 (7.2.1) 

Where, Δu= pore water pressure (kPa), and Δσ3= cell pressure (kPa). After that the 

specimens were isotropically consolidated under the initial mean effective stresses 

(p0') of 100, 200, or 400 kPa. The post-consolidation relative densities of the specimens 

were measured upon completion of the consolidation phase by evaluating the 

volumetric strain. After that, the specimens underwent a series of cyclic loadings until 

the desired pore water pressure ratios (ru) of 0.25, 0.50, and 0.75 were acquired. The 
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stress-controlled sinusoidal cyclic loadings [ASTM D5311 (ASTM 2013)] with a 

cyclic stress ratio (CSR) of 0.2 and a frequency of 1 Hz was applied on the specimens. 

Furthermore, the pore water pressure ratio is computed using Eq. (7.2.2).  

𝑟𝑢 =
𝑢

𝑝0
′  (7.2.2) 

Where, u= excess pore water pressure. The pore water pressure ratio (ru) is an accurate 

benchmark to evaluate the post-cyclic behaviour of the specimens in compare with 

other parameters such as shear strain since the pore water pressure dramatically 

increases in a short range of shear strain which provide more complexity for the results. 

After completion of the cyclic loading stage, the post-cyclic stage was initiated by 

monotonically shearing the specimens with a strain rate of 0.1 mm/min. Fig. 7.16 

shows the typical loading stage for an untreated specimen after finalising the cyclic 

loading stage and reaching the pore water pressure ratios of 0.25, 0.50, and 0.75. Table 

7.3 also shows the test program followed in this study to conduct the tests. 
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Fig. 7.16. Typical effective stress paths (q-p') recorded in cyclic stage and before initiation of the post-

cyclic phase for (a) ru= 0.25; (b) ru= 0.50; and (c) ru= 0.75   
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Table 7.3. Experimental program and key results for tests 

Test No. Test ID GGBFS content (%) p0' (kPa) Dr Drp  ru 

1 CS1 - 200 60 62.5  0.25 

2 CS2 - 200 60 62.5  0.50 

3 CS3 - 200 60 62.5  0.75 
4 CG1 3 200 60 62.5  0.25 

5 CG2 3 200 60 62.5  0.50 

6 CG3 3 200 60 62.5  0.75 
7 CG4 5 200 60 62.5  0.25 

8 CG5 5 200 60 62.5  0.50 

9 CG6 5 200 60 62.5  0.75 

10 CG7 7 200 60 62.5  0.25 
11 CG8 7 200 60 62.5  0.50 

12 CG9 7 200 60 62.5  0.75 

13 CG10 5 100 60 62.5  0.25 
14 CG11 5 100 60 62.5  0.50 

15 CG12 5 100 60 62.5  0.75 

16 CG13 5 400 60 62.5  0.25 

17 CG14 5 400 60 62.5  0.50 
18 CG15 5 400 60 62.5  0.75 

19 CG16 - 200 40 43.6  0.25 

20 CG17 - 200 40 43.6  0.50 
21 CG18 - 200 40 43.6  0.75 

22 CG19 5 200 40 43.6  0.25 

23 CG20 5 200 40 43.6  0.50 
24 CG21 5 200 40 43.6  0.75 

 

7.2.5. Results and Discussion  

7.2.5.1. Effect of GGBFS Contents on Post-Cyclic  

Fig. 7.17 shows variations of the deviatoric stress versus mean effective stress (q-p'), 

and deviatoric stress with axial strain (q-εa) in post-cyclic phase for untreated soil and 

GGBFS treated specimens after pore water pressure ratios of 0.25, 0.50, and 0.75. It is 

seen from the figure the untreated soil has the lowest amount of ultimate deviatoric 

stress (qu) and addition of 3, 5, and 7% GGBFS increased the ultimate deviatoric stress 

of the specimens in all cases. For example, at a pore water pressure ratio of 0.25, the 

untreated soil has an ultimate deviatoric stress of 171 kPa while addition of GGBFS 

caused an increase for ultimate deviatoric stress in the range of 192 ≤ qu ≤ 228 kPa. 
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Similarly, when the post-cyclic tests initiated after a pore water pressure ratio of 0.50 

and 0.75 an ultimate deviatoric stress of 153 and 89 kPa was acquired for the untreated 

soil respectively. Whereas, the addition of GGBFS caused an ultimate deviatoric stress 

of 185 ≤ qu ≤ 215 kPa and 108 ≤ qu ≤ 151 kPa when the post-cyclic phase were 

conducted after pore water pressure ratios of 0.50 and 0.75 respectively. Fig. 7.18 

shows a summary of the acquired ultimate deviatoric strength for tested specimens. In 

fact, increasing the GGBFS particle fills the microscopic pores amongst coarser soil 

particles and prevent the pore water pressure build-up triggered by cyclic loadings. 

This may be the main reason for increasing the post-cyclic resistance of the GGBFS 

treated soil. The results also show that at a greater pore water pressure ratio the 

specimens have a lower value of ultimate deviatoric strength. This behaviour can be 

attributed to the greater cycle numbers that apply on the specimens at a greater pore 

water pressure and provide a more metastable structure for the specimens.      
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Fig. 7.17. Effect of GGBFS contents on shearing response of sand in post-cyclic phase 

(a) ru= 0.25; (b) ru= 0.50; and (c) ru= 0.75.  
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Fig. 7.18. The ultimate deviatoric stress acquired from post-cyclic tests for untreated 

and GGBFS treated specimens    

 

7.2.5.2. Effect of Initial Mean Effective Stress 

Fig. 7.19 shows the variations of deviatoric stress versus axial strain (q-εa), and excess 

pore water pressure versus axial strain (u-εa) acquired from the post-cyclic phase for 

specimens treated with 5% GGBFS when tested under initial mean effective stresses 

of 100, 200, and 400 kPa and pore water pressure ratios of 0.25, 0.50, and 0.75. It is 

seen from the figure that increasing the initial mean effective stress caused a reduction 

in ultimate deviatoric strength. For instance, for a pore water pressure ratio of 0.25, 

the test conducted under 100 kPa had an ultimate deviatoric stress of 225 kPa, whereas 

this value reduced to 214 and 185 kPa when the tests were conducted under 200 and 

400 kPa respectively. Similarly, in the case of a pore water pressure ratio of 0.50, the 

conducted test, under an initial mean effective stress of 100 kPa, had an ultimate 

deviatoric stress of 215 kPa, and conducting the tests under initial mean effective 

stresses of 200 and 400 kPa caused an ultimate deviatoric stress of 201 and 178 kPa 
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respectively. Similar results were acquired in the case of 0.75 pore water pressure ratio. 

For instance, the specimen tested under 100 kPa had an ultimate deviatoric stress of 

146 kPa and conducting the tests under 200 and 400 kPa initial mean effective stress 

cause 128 and 113 kPa ultimate deviatoric stress values respectively. Fig. 7.20 shows 

a summary of the acquired ultimate deviatoric stress values at different initial mean 

effective stresses. Furthermore, the results acquired for the effects of pore water 

pressure ratio show that the specimens tested under a greater initial mean effective 

stress have a lower excess pore water pressure. The recorded relation for the ultimate 

deviatoric stress and initial mean effective stress can be attributed to the soil dilatancy 

and is consistent with the critical state of soil (Seed and Harder 1990).   
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Fig. 7.19. Effect of initial mean effective stress on shearing response of GGBFS treated 

specimens in post-cyclic phase (a) ru= 0.25; (b) ru= 0.50; and (c) ru= 0.75.  
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Fig. 7.20. The ultimate deviatoric stress acquired from post-cyclic tests for GGBFS 

treated specimens tested at different initial mean effective stress    
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prepared with 40% initial relative density they had an ultimate deviatoric strength of 

195, 182, and 110 kPa when the tests were conducted at pore water ratios of 0.25, 0.50, 

and 0.75 respectively. Increasing the initial relative density to 60% caused ultimate 

deviatoric strengths of 214, 20, and 128 kPa when the tests were conducted after pore 

water pressure ratios of 0.25, 0.50, and 0.75 respectively. Fig. 7.22 shows a summary 

of the ultimate deviatoric strength values for specimens at 40% and 60% relative 

densities. A greater value of ultimate deviatoric stress in densified GGBFS treated 

specimens can be attributed to a reduction in pores and voids in the densified 

specimens that dissipate the generation of pore water pressure. The added GGBFS also 

fills the remained microspores amongst soil particles and reduces the chance of pore 

water pressure build-up.    
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Fig. 7.21. Effect of initial relative density on shearing response of the untreated and 5% 

GGBFS treated specimens in post-cyclic phase (a) ru= 0.25; (b) ru= 0.50; 

and (c) ru= 0.75.  
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Fig. 7.22. Summary of the ultimate deviatoric stresses for untreated and 5% GGBFS 

treated specimens in post-cyclic phase for (a) Dr= 40%; and (b) Dr = 60%     
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effect of GGBFS on the post-cyclic behaviour of soil by performing a series of 

undrained post-cyclic monotonic triaxial compression tests. The effect of four GGBFS 

contents (0, 3, 5, and 7% by dry weight), and three initial mean effective stresses (i.e., 

100, 200, and 400 kPa), were investigated. To conduct the post-cyclic tests, the cyclic 

loadings were applied on the specimens with initial relative densities of 40% or 60% 

until pore water pressure ratios of 0.25, 0.50, or 0.75, then the specimens were 

monotonically sheared. The following conclusions can be drawn from the results. 

- Investigations of the effect of GGBFS contents on the post-cyclic behaviour of 

the soil showed that increasing the GGBFS contents improved the ultimate 

deviatoric strength of the soil. This behaviour was attributed to dissipation of 

pore water pressure in GGBFS treated specimens due to the presence of the 

GGBFS and filling of the micro pores. 

- The post-cyclic test results showed that the ultimate deviatoric strength for 

untreated soil and GGBFS treated specimens at a greater pore water pressure 

ratio is lower than the specimens tested at a lower pore water pressure ratio. 

This behaviour was attributed to the greater number of cyclic loadings applied 

on the specimens at a greater pore water pressure ratio which generate a less 

stable structure for the specimens. 

- The results showed that increasing the initial mean effective stress in GGBFS 

treated specimens reduced the ultimate deviatoric strength. This behaviour was 

attributed to the soil dilatancy which is consistent with the critical state of soil 

and literature. 

- The results showed that the densification of the GGBFS treated specimens 

causes the generation of a greater ultimate deviatoric strength than the 
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untreated soil. This behaviour was attributed to an increase in interlocking 

forces and filling of the voids which dissipate the generation of pore water 

pressure. The GGBFS fills the remaining micro pores and makes the generation 

of pore water pressure even harder.     
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7.3. CHAPTER CONCLUSIONS  

This chapter investigated the effect of two environmentally-friendly binders (i.e., FA 

and GGBFS) on post-cyclic behaviour of sand by performing a series of undrained 

post-cyclic monotonic triaxial compression tests. To conduct the post-cyclic tests 

initially the cyclic loads applied on the specimens until they reached the desired pore 

water pressure ratios of 0.25, 0.50, and 0.75. Furthermore, the results for pore water 

pressure ratio of zero in part one was acquired from the monotonic triaxial tests.  

In the first part, the effect of four different FA contents (i.e., 0, 2, 4, and 6% by dry 

weight), three pre-consolidation relative densities (i.e., 20, 40, and 60%), and three 

effective confining pressures (i.e., 50, 70, and 90 kPa) on post-cyclic behaviour of the 

soil were investigated and the results were analysed and presented. Investigations 

showed that increasing the FA contents increased the ultimate deviatoric stress of the 

specimens in all tested pore water pressure ratios after cyclic loadings. The analysis 

showed that the ultimate deviatoric stress of the specimens in the post-cyclic phase 

reduced when the post-cyclic tests initiated at a greater pore water pressure ratio after 

cyclic loadings. This behaviour was attributed to greater cycle numbers that applied 

on the specimens and provided a more metastable soil structure. In the next stage, 

investigation on effect of relative density showed that increasing the pre-consolidation 

relative density from 20 to 40 and 60% of the specimens increased the ultimate 

deviatoric stress. This increase was less prone in untreated soil and more apparent in 

FA treated specimens. Finally, the investigations in the first part of the chapter seven 

showed that increasing the initial mean effective stress from 50 kPa to 70 and 90 kPa 

reduced the ultimate deviatoric stress of FA treated specimens. This behaviour was 

attributed to suppression of dilatancy of soil.            
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The second part of the chapter seven investigated the effect of GGBFS on the post-

cyclic behaviour of soil by performing a series of undrained post-cyclic monotonic 

triaxial compression tests. The effect of four GGBFS contents (0, 3, 5, and 7% by dry 

weight), and three initial mean effective stresses (i.e., 100, 200, and 400 kPa) on the 

specimens with initial relative densities of 40% or 60% were investigated. The 

investigations showed that increasing the GGBFS contents improved the ultimate 

deviatoric strength of the soil. This behaviour was attributed to dissipation of pore 

water pressure in GGBFS treated specimens due to the presence of the GGBFS and 

filling of the micro pores. The results showed that the ultimate deviatoric strength for 

untreated soil and GGBFS treated specimens at a greater pore water pressure ratio is 

lower than the specimens tested at a lower pore water pressure ratio. This behaviour 

was attributed to the greater number of cyclic loadings applied on the specimens at a 

greater pore water pressure ratio which generate a less stable structure for the 

specimens. The investigations on the effect of initial mean effective stress in GGBFS 

treated specimens showed that the specimens have a greater ultimate deviatoric stress 

under a lower initial mean effective stress due to the suppression of dilatancy. 

Furthermore, the results showed that the densification of the GGBFS treated specimen 

causes the generation of a greater ultimate deviatoric strength than the untreated soil 

due to increase in interlocking forces which reduced the generation of pore water 

pressure.  
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Chapter 8 
Constitutive Modelling Analysis 
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CHAPTER INTRODUCTION 

This chapter provides a constitutive analysis based on the critical state of soil on the 

sand (base material) parameters and sand-FA mixtures in two parts. This constitutive 

analysis provides relations, which approximate the soil response to the particle 

characteristics and the FA based on the framework introduced in critical state of soil 

mechanics (CSSM). 

Before performing the analysis on the sand-FA mixtures, it is important to investigate 

the effective parameters in forming behaviour of the base soil. The particle shape is 

one of the key parameters, which forms the soil response under external stimuli. 

Hence, the first part of this chapter investigates the role of particle shape in forming 

the soil response. The correlations have been presented based on the roundness (R), 

sphericity (S), and regularity (ρ) for three types of the natural, crushed and mixed soils.  

The second part investigates the effect of FA on critical state of soil. The critical state 

locus of the untreated sand and sand-FA mixtures have been approximated in different 

planes and the correlations have been presented.    

The results of the first part of this chapter have been published by the journal of 

Keramatikerman and Chegenizadeh (2017c) and the results of the second part of this 

chapter are under preparation to submit for a high quality journal.       
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Part 1 
Effect of Particle Shape on Monotonic Liquefaction 
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8.1. Effect of Particle Shape on Monotonic Liquefaction 

8.1.1. Abstract  

This study investigates the effect of particle shape on monotonic liquefaction of the 

soil by performing a series of static triaxial compression tests. The tests conducted on 

three types of natural sand (NS), crushed sand (CS), and mixed sand (MS) (i.e., 50% 

natural sand + 50% crushed sand by dry weight of the soil) with different particle shape 

descriptors consist of roundness (R), sphericity (S), and regularity (ρ). The shearing 

responses showed that the CS and MS specimens showed a dilative response whereas 

the natural sand had a strain-softening contractive behaviour. Furthermore, the 

interpreted results based on a framework of the critical state of the soil mechanic 

(CSSM) showed that in e-p′ plane, the specimen with a higher amount of crushed 

particles have a greater strength due to a higher packing characteristics. The 

investigations on critical state locus on q-p′ plane showed that by increasing the 

roundness, sphericity and regularity of the specimens the critical friction angle (ϕcs) 

decreased. In addition, studies on flow liquefaction in undrained instability state (UIS) 

showed that by increasing the particle shape descriptor values, the specimens are more 

pronounced to be liquefied.      

 

8.1.2. Introduction 

The soil shape and size can vary due to chemical and mechanical interactions, their 

source of minerology, transportation, and depositional environment (Cho et al., 2006). 

Roundness (R), sphericity (S), and regularity (ρ) have been known as main particle 

descriptors (Krumbein and Sloss, 1963; Cho et al, 2006). Previous studies conducted 

to investigate the effect of particle shape in a triaxial behaviour of the soil. For instance, 

Yang and Wei (2012) performed a series of experimental tests to investigate the effect 
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of fine particle shape on collapsibility of the sand. They tested two types of fine shapes 

consist of glass bead and crushed silt. They indicated that addition of crushed silt to 

sand caused an increase of critical state friction angle and addition of well-rounded 

fine to sand reduced this parameter. They also studied the effect of fine particle shape 

on flow liquefaction of the soil and indicated that the soil containing round fine particle 

are more prone to be liquefied than the soil with crushed fine particles. Later, Wei and 

Yang (2014) in a complementary study proved that the observed behaviour of the 

tested soil containing fine particles was due to particle shape. In another study, Borhani 

and Fakharian (2016) investigated the effect of particle shape on dilative response of 

the soil. They indicated that the sand with more angular particle shape has a more 

dilative tendency. It was also concluded that internal friction angle of the soil is more 

dependent on particle shape than the peak strength.  

Altuhafi et al. (2016) examined the effect of particle shape on the mechanical 

behaviour of a compiled database of 25 natural sands. They highlighted that the 

particle shape is an effective parameter on the critical state intercept in plane of void 

ratio (e) versus logarithm mean effective stress (p') since the shape has an effect on 

packing characteristics rather than on gradient in a low-pressure range. It was also 

indicated that parameters such as minor particle damages and particle rearrangement 

have an effect on gradient. They indicated that the particle shape has a low effect on 

the location of the critical state line at higher stresses since the particle strength is the 

governing parameter. They introduced a universal parameter known as shape-

angularity group indicator (SAGI), which was a combination of shape individual 

parameters such as sphericity (S), convexity (Cx), and aspect ratio (AR). It was 

summarised that the new parameter has a better correlation with packing and 

angularity characteristics than each individual parameter. They also confirmed that this 
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new parameter has no clear relation to critical state internal friction angle since it is 

highly affected by the convexity of the soil particles (Altuhafi et al. 2016). 

Yang and Luo (2015) investigated the relation between particle shape and the critical 

state of soil mechanics by performing a comprehensive laboratory study. They 

combined two types of circular and crushed glass beads with a uniform type of soil in 

different percentages and conducted a series of drained and undrained triaxial 

compression tests, and analysed the results based on the critical state of soil mechanics 

(CSSM). It was concluded that soil combined with circular glass beads is more prone 

to an instability state than the other mixture (i.e., crushed glass beads). They also 

proposed a new particle descriptor index which is known as the overall regularity. This 

newly suggested particle descriptor is the average of three previously indicated indices. 

They conducted their analysis on this index as well as on the other three indices. 

In an older study, Rousé et al. (2008) investigated the effect of roundness on the void 

ratio of a compiled series of sand and glass beads. They indicated that roundness is an 

effective parameter in an experimental study which had a good correlation with void 

ratio range parameter (i.e., Δe = emax - emin) rather than maximum and minimum void 

ratios (i.e., emax and emin).    

This study aims to investigate the effect of particle shape on liquefaction 

characteristics of the natural and crushed sand based on particle descriptors. 
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8.1.3. Test Materials and Methods 

Three types of soil with different particle shapes were tested in this study. The natural 

sand (NS) was obtained from Baldivis, a suburb located in Perth, Western Australia. 

The second sand was prepared by manually crushing of the natural sand, and the third 

sample was prepared by mixing of the natural and crushed sand (CS) in the ratio of 

1:1; this sample was called mixed sand (MS). Fig. 8.1 shows the scanning electron 

micrograph (SEM) images of the tested samples. The particle size analysis and 

physical characteristics of each sample are summarised in Fig. 8.2 and Table 8.1 

respectively. The X-ray powder diffraction (XRD) analysis showed that the used sand 

contain mainly quartz.  

 

 

(a) (a) 
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Fig. 8.1. Scanning electron microscopic (SEM) images for (a) natural sand; (b) crushed 

sand: (c) mixed sand 

(c) 

(b) (b) 

(c) 
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Fig. 8.2. Particle size distribution for tested sands 

 

Table 8.1. Properties of the tested sands in this study 
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The particle shape descriptors were quantified visually using scanning electron  

The particle shape descriptors were quantified visually using scanning electron 

microscope images according to Krumbein and Sloss (1963) empirical chart. For each 

soil, 40 grains were randomly selected and the mean values of sphericity (S), and 

roundness (R) were measured carefully. The sphericity is a ratio of the radius of the 

largest surrounded circle in the particle to the smallest circle to the particle. The 

roundness was measured as the proportion of the average radius of the soil grain 
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features to the radius of the largest circle in the soil particle.  The regularity is 

quantified as the mean of roundness and sphericity. The regularity (ρ) factor was 

computed based on proposed equation by Cho et al. (2006). This parameter is a factor 

of roundness and sphericity. Fig. 8.3 shows a typical procedure to calculate sand grain 

shape descriptors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.3. Procedure for calculation of particle shape descriptors (Principles from 

Krumbein and Sloss, 1963; Cho et al, 2006). 
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The particle shape characterisations can be performed manually or by using an 

automated image analyser (Smart 2008). In the manual method, a series of sand 

particles are randomly selected, and the mean value of the shape parameters are 

determined based on the chart using the images acquired from a conventional optical 

device (Krumbein and Sloss 1963). In an automated image analyser, a series of binary 

images are captured from a steady flow of particles through the vertical shaft of the 

machine, and the parameters are computed automatically (Yang and Luo 2015). 

Although, the manual method is a cost-effective approach and has been used in 

previous studies (Payan et al. 2016; Rousé et al. 2008), application of automated 

methods, like the laser scanning technique, are encouraged for future works as in this 

method, the soil particles undergo a three dimensional characterisation in a timely 

manner, which causes the generation of more accurate results (Yang and Luo 2015; 

Smart 2008).           

The undrained monotonic triaxial compression tests (UC) were performed in 

accordance with ASTM D7181 (ASTM 2011e) using an automated Bishop and 

Wesley triaxial machine (Bishop and Wesley 1975). The prepared specimens had 70 

mm diameter and 140 mm height (i.e., aspect ratio of 2). The under-compaction 

method by moist-tamping the soil was applied to prepare the specimens to avoid 

segregation (Ladd 1978). To prepare the specimens, the desired amount of soil was 

mixed with water based on its optimum moisture content (OMC) and thoroughly 

stirred. Then, the soil compacted in the cylindrical, steel split mould into five layers 

until the desired height was achieved. When the sample preparation completed, 

specimens were saturated by injecting de-aired water from the bottom of the specimen. 

The saturation stage was completed when a B-value of at least 0.96 was achieved. 

After saturation, the specimens were isotopically consolidated to the targeted initial 
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mean effective stress (𝑝0
′ ). The post-consolidation void ratio of samples were recorded 

based on initial void ratio (e0) and its volumetric strain when the consolidation phase 

completed. The post-consolidation void ratio (e) values were double-checked using 

different technique by measuring the final water content at the end of the tests.     

 

8.1.4. Results and Discussion 

8.1.4.1. Stress-strain Relation  

Fig. 8.4 shows the typical shear responses of the NS, MS, and CS in deviatoric stress 

versus mean effective stress (q-p′) and deviatoric stress versus axial strain (q-εa) planes 

for an initial mean effective stress of 500 kPa at the same post-consolidation void ratio 

(e). As can be seen, an increase in the contribution of the crushed particles in the soil 

system caused dramatic changes in shearing response of the specimens. For instance, 

the NS specimen containing rounded particles showed a contractive strain-softening 

response, whereas the MS and CS specimens with 50% and 100% crushed grains 

showed a strong dilative response. The deviatoric stress in natural sand after reaching 

the peak of 450 kPa at 1.9% axial strain showed a decreasing trend until 280 kPa at 

30% axial strain. Conversely, the MS specimen containing 50% crushed, reached the 

peak deviatoric strength of 502 kPa immediately after 1.8% strain. The strength of this 

specimen reached the maximum amount of 751 kPa after 30% axial strain. Similar to 

MS specimen, the CS specimen containing 100% crushed sand particles showed a 

strong dilative response. The recorded peak deviatoric stress was 593 kPa after 2% 

axial strain. The deviatoric stress specimen reached 965 kPa after 30% axial strain. 

The observed variation in the shearing responses of the tested specimens highlights the 

effect of particle shape. Table 8.2 shows a summary of the recorded shearing responses 

for three tested soils.  
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Fig. 8.4. Undrained shear behaviour of NS, MS, and CS specimens under 500 kPa initial 

mean effective stress (a) stress path (q-p′); (b) stress-strain relation.  

 

 

0

200

400

600

800

1000

1200

0 200 400 600 800 1000

q
: k

P
a

p′: kPa

CS4, e = 0.831

MS4, e = 0.827

NS2, e = 0.835

MS4, e = 0.827

NS2, e = 0.835

CS4, e = 0.831

A

F

E

B

C

D

dilative response

Strain-softening 

response

(a)

0

200

400

600

800

1000

0 5 10 15 20 25 30

q
: k

P
a

εa: %

CS4, e = 0.831

MS4, e = 0.827

NS2, e = 0.835

A

B

C

D

E

F

(b)



293 

 

Table 8.2. Experimental program conducted in this study and recorded results 

Test ID e0 e 𝑃0
′: 𝑘𝑃𝑎 

Critical state (CS) 

𝑃′: 𝑘𝑃𝑎 𝑞: 𝑘𝑃𝑎 

CS1 0.902 0.881 500 156 914 

CS2 0.881 0.862 500 351 135 

CS3 0.868 0.845 500 592 732 

CS4 0.853 0.831 500 700 965 

CS5 0.843 0.825 500 1102 1134 

MS1 0.896 0.875 500 110 634 

MS2 0.871 0.853 500 281 224 

MS3 0.859 0.837 500 521 447 

MS4 0.848 0.827 500 600 750 

MS5 0.829 0.807 500 1000 875 

NS1 0.878 0.856 500 50 71 

NS2 0.854 0.835 500 250 280 

NS3 0.836 0.818 500 460 463 

NS4 0.816 0.795 500 690 580 

NS5 0.795 0.771 500 950 934 

 

 

 

8.1.4.2. Critical State Locus in e-p' Plane 

The critical state locus in compression space is presented by Eq. (8.1.1) 

𝑒 = Г − 𝜆𝑐  𝑙𝑜𝑔 𝑝′ (8.1.1) 

Where e= void ratio; Г= void ratio intercept at p′= 1 kPa; λc= slope of the straight line; 

and p′= mean effective stress. Although, Eq. (8.1.1) is a simple form of a linear relation 

to represent the CSL in compression space, previous studies (e.g. Yang and Luo 2015; 

Yang and Wei 2012) highlighted that the CSL in a semi log graph is curved rather than 

linear. Therefore, Eq. (8.1.1) is not appropriate for representing the CSL or analysing 

the subsequent mechanical responses in compression space. Li and Wang (1998) 

introduced a more accurate representation of the CSL in compression space, known as 

power law function. Eq. (8.1.2) shows this representation.  

Note: e0, initial void ratio; e, post-consolidation void ratio; 𝑃0
′, initial mean effective confining 

pressure; 𝑃′, mean effective confining pressure; 𝑞, deviatoric stress.   
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𝑒 = 𝑒Γ − 𝜆𝑐  (
𝑝′

𝑝𝑎
)

𝑛

 (8.1.2) 

Where eГ= void ratio intercept at p=0; pa= atmospheric pressure (=101 kPa); and n= 

an optimised ratio for sand (=0.6). Fig. 8.5 shows the critical state lines of the NS, MS 

and CS specimens in compression space (i.e., e-p′ plane) presented based on power 

law function. As can be seen, by increasing the contribution of crushed particles in the 

soil structure, the critical state locus dropped down. This behaviour indicates that the 

critical state locus in CS and NS is greater than the NS specimens. For instance, the 

crushed sand specimen with a post-consolidation void ratio in the range of 0.825 ≤ e 

≤ 0.881 has a power law function in the range of 1.30 ≤ (p′/pa)
n ≤ 4.19. The post-

consolidation void ratio value range decreased to 0.807 ≤ e ≤ 0.875 and 0.771 ≤ e ≤ 

0.856 for MS and NS specimens by reduction of the power law function values in the 

range of 1.05 ≤ (p′/pa)
n ≤ 3.96 and 0.66 ≤ (p′/pa)

n ≤ 3.84. The recorded behaviour for 

tested specimens was consistent with results presented by Been et al. (1991). Fig. 8.6 

shows the computed critical state locus slopes (λcs) in e-p′ plane versus particle shape 

descriptors consisting of roundness, sphericity, and regularity. It is seen from the figure 

that, increasing the particle shape descriptors caused an increase in computed critical 

slopes (λcs). Cho et al. (1998) reported no correlation between critical state slope (λcs) 

in e-p′ plane and the particle descriptors since the tests were conducted in a wide range 

of soils with different particle size distributions (PSD), and CSL was presented with 

linear lines in e-logp′ space rather than curved lines (Yang and Luo 2015). Fig. 8.7 

also shows variations of the computed void ratio intercept (eГ) in e-p′ plane versus 

particle shape descriptors. As can be seen, the void ratio intercept decreased by 

increasing the particle descriptors values. The observed behaviour was attributed to 
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the packing response of the specimens and is in good agreement with reported results 

by Yang and Luo (2015), Yang and Wei (2012), and Cho et al. (2006).  

 

 

Fig. 8.5. Critical state locus in e-p′ plane for CS, MS, and NS specimens. 
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(c) 

Fig. 8.6. Slope of critical state locus (𝜆cs) in e-p′ plane versus (a) roundness; (b) 

sphericity; and (c) regularity. 
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Fig. 8.7. Critical state locus intercept (eГ) in e-p′ plane versus (a) roundness; (b) 

sphericity; and (c) regularity. 
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8.1.4.3. Critical State Locus in q–p′ Plane 

Fig. 8.8 shows the critical state locus of the CS, MS, and NS in q-p′ plane. The critical 

state slope of the tested soils was determined based on the following equation: 

𝑞 = 𝑀𝑐𝑠𝑝′ (8.1.3) 

Where 𝑀𝑐𝑠= effective stress ratio at critical state which corresponds to the critical state 

friction angle. As can be seen, the critical state friction angle (ϕcs) acquired from 

critical state line increased by increasing the crushed particles in the soil system. For 

instance, the critical friction angle of NS was 28.30°, this value increased to 31.61° 

and 34.06° for MS and CS respectively. Furthermore, the effective stress ratios at 

critical state (Mcs) increased by increasing the crushed particles contribution in the soil 

structure. For instance, an effective stress ratio at critical state of 1.13, 1.27, and 1.38 

was recorded when the soil system contained 0, 50, and 100% crushed particles, 

respectively. Similar results were reported in the literature when the crushed glass 

beads content of the soil increased (Yang and Luo 2015). For instance, combinations 

of Fujian sand with 20% and 40% glass beads (increasing R, S, and ρ of the soil system) 

caused a Mcs value of 1.13 and 1.08, whereas combinations of the same soil with 20% 

and 40% crushed glass beads (reduction of R, S, and ρ of the soil system) caused a Mcs 

value of 1.26 and 1.34 respectively (Yang and Luo 2015). In fact, in both cases, 

increasing the contribution of natural particles in the soil system caused a clockwise 

rotation for the critical state line (CSL) in the q-p′ plane, and increasing the 

contribution of crushed particle caused an anti-clockwise rotation for the CSL. The 

reported results in this section clearly highlight the relation between particle shape and 

critical state line in the q-p′ plane. In addition, variations of the critical state friction 

angle (ϕcs) with particle shape descriptors (i.e., R, S, and ρ) for the tested soils were 
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shown in Fig. 8.9. A well-fitted correlation (i.e., R2 > 0.99) in all three cases is evidence 

for the effect of particle descriptors on CSL. The figure shows that the critical state 

frictional angle (ϕcs) decreased by increasing the roundness, sphericity, and regularity. 

Furthermore, the linear equations (i.e., ϕcs = 38 - 12R, ϕcs = 39 – 12S, and ϕcs = 40 - 

14ρ for variations of ϕcs–R, ϕcs–S, and ϕcs–ρ respectively) showed a good correlation 

with reported relation for variation of the critical state friction angle with roundness 

(i.e., ϕcs = 42 - 17R) by Cho et al. (2006). The results acquired in this section also are 

in good agreement with results presented by Yang and Wei (2012). 

 

Fig. 8.8. Critical state locus in q-p′ plane for CS, MS, and NS specimens. 
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(c) 

Fig. 8.9. Variation of the Critical state slope in q-p′ plane versus (a) roundness; (b) 

sphericity; and (c) regularity 
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0.918, 0.853 ≤ e ≤ 0.92, and 0.793 ≤ e ≤ 0.873 was recorded for natural mixed and 

crushed soil particles respectively. This trend implies that the flow liquefaction 

triggered at a lower value of stress ratio for soils with a greater amount of rounded 

particles (Yang and Wei 2012). Furthermore, full or partial replacement of the crushed 

soil particles (i.e., 100% or 50%) with natural soil particles caused a greater inclination 

for the soil with higher crushed particles, which indicates a greater resistance to onset 

liquefaction. The variation of the critical stress ratio with post-consolidation void ratio 

(e) at instability state can be quantified using the following equations; 

NS:  

q/p′ = 1.502 - 0.593e (8.1.4) 

MS:  

q/p′ = 5.472 - 5.124e (8.1.5) 

CS:  

q/p′ = 5.325 - 4.766e (8.1.6) 

The recorded behaviour indicates that the liquefaction inception is more pronounced 

in a specimen containing more rounded particles. In terms of liquefaction resistance, 

Wei and Yang (2014) indicated that the specimens mixed with higher percentages of 

rounded glass beads have a lower stable structure than the same specimens containing 

the same amount of crushed glass beads. Yang and Wei (2012) also reported that the 

soil mixed with rounded fine particles has a less stable structure than the soil mixed 

with crushed fine particles.  
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Fig. 8.10. Variation of the stress ratio (𝑞/𝑝′) versus void ratio for CS, MS, and NS. 
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- Investigation on critical state locus in q-p′ plane showed that the tested 

specimens have a critical friction angle of 28.30°, 31.61°, and 34.06° for NS, 

MS, and CS. The results in this section indicate that by increasing the particle 

shape descriptors values of the specimens the critical friction angle increased.  

- Investigations on undrained instability state of the specimens on the variation 

of the critical stress ratio (𝑞/𝑝′) versus post-consolidation void ratio showed 

that by decreasing the crushed grains contributions, the soil tended to be 

liquefied earlier.     

- In this study, 15 triaxial compression tests were conducted on three types of 

soils (i.e., NS, CS, and MS), which caused the generation of three points with 

a high value of R2 in particle descriptor graphs. It is recommended that more 

tests be conducted in future studies to have a clear understanding about the 

effects of particle descriptors on the critical state of soil.  
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8.2. Constitute Modelling of Sand-FA Mixture 

8.2.1. Abstract 

This technical note briefly analyses the effect of fly ash (FA) on critical state 

parameters and instability state of the soil by performing a series of undrained 

monotonic triaxial compression tests. Four FA contents consisting of 0%, 2%, 4%, and 

6% (by dry weight of the soils) were selected and the results were analysed based on 

the critical state of soil mechanics (CSSM). The analysis showed that increasing the 

FA contents caused an increase for the critical state locus in void ratio versus logarithm 

mean effective stress plane (e-logp′). The computed critical parameters in e-logp′ space 

such as critical slope (λcs) and intercept (Γcs) showed a reduction by increasing the FA 

contents. The analysis on deviator stress versus mean effective stress plane (q-p') 

showed that the critical state friction angle (ϕcs) and its constant parameter (Mcs) 

increased by addition of FA. Analysis on liquefaction inception in undrained instability 

state (UIS) showed that the specimens containing FA have a strain-hardening 

behaviour without brittleness (i.e., brittleness index, IB=0), which was effective to 

mitigate the flow liquefaction.    

 

8.2.2. Introduction  

Application of fly ash (FA) in ground improvement area has been reported by previous 

researchers in the literature (Keramatikerman et al 2017b; Horpibulsuk et al. 2011; 

Prabakar et al. 2004 amongst other). Fly ash is a pozzolanic material remains in 

electrical power plants after burning. This by-product is effective to improve the 

mechanical behaviour of the soil such as swelling, controlling the volume change, and 

increasing the compressibility (Horpibulsuk et al. 2009). Fly ash increases the reactive 
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surfaces of the soil grains and causes an increase in production of hydration and 

pozzolanic reactions amongst soil particles. These characteristics show that the fly ash 

has a good potential for replacement for Portland cement (PC) (Horpibulsuk et al. 

2009). 

Geotechnical soil investigation reports mainly consist of shear strength parameters and 

rarely reports on critical state parameters of the soil (Dev et al. 2013). Studying critical 

state parameters helps to understand the fundamental behaviour of the soil in different 

stress conditions based on natural characteristics of the soil. The introduced parameters 

such as critical state slope (λcs), intercept (Гcs), and constant slope factor (Mc) are 

known as the critical parameters of the soil which can be determined from triaxial 

compression tests (Schofield and Wroth 1968). The positions of the critical state 

parameters were shown in Fig. 8.11. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.11. Typical critical state parameters of the soil in a monotonic triaxial test in (a) q-

p' plane; (b) ν-logp' plane.  
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constant volume, which is recognised as flow liquefaction [see Fig. 8.11(a)]. In fact, 

flow liquefaction failure can be determined by an abrupt failure in deviator stress and 

a prompt expansion in deformation, which is the most destructive part of the 

liquefaction (Vaid and Chern 1985; Yang 2002). In theory, flow liquefaction is defined 

for a strain-softening behaviour in q-p' plane, and it is the line that cross the origin 

point and the peak point of the deviator stress, which is in the undrained instability 

state as shown in Fig. 1(a) (Yang and Wei 2012). This line is used to characterise the 

onset instability of the soil. In the CSSM framework, Yang (2002) indicated that the 

instability line is not unique and is a parameter of initial state as presented in Eq. 

(8.2.1).  

(
𝑞′

𝑝′
)

𝑈𝐼𝑆

=
𝑀𝑐𝑠

𝐵
𝑒𝑥𝑝(𝐴𝜓) (8.2.1) 

Where ψ = the state parameter defined by Been and Jefferies (1985), which is 

difference between the current void ratio and the critical void ratio (ecs) at the current 

mean effective stress (i.e., e - ecs); and A and B = calibrating parameters. If sand 

specimens are sheared from the same stress level, Eq. (8.2.1) can be given in the 

alternative form in Eq. (8.2.2) as indicated by Yang and Wei (2012); 

(
𝑞′

𝑝′
)

𝑈𝐼𝑆

=
𝑀𝑐𝑠

𝐵 𝑒𝑥𝑝 (𝐴𝑒𝑐𝑠)
𝑒𝑥𝑝(𝐴𝑒) (8.2.2) 

To quantify the strength loss for the strain-softening behaviour a better parameter, 

which is named as brittleness index (IB), is introduced as Eq. (8.2.3), by Bishop (1967); 

𝐼𝐵 =
𝑞𝑢(𝑦𝑖𝑒𝑙𝑑) − 𝑞𝑚𝑖𝑛

𝑞𝑢(𝑦𝑖𝑒𝑙𝑑)
 (8.2.3) 
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Where qu(yield) = deviatoric stress at the UIS state; qmin = minimum deviatoric stress at 

the critical state. The IB characterises the degree of collapsibility, which varies from 

one, for complete liquefaction, to zero, for a completely dilative response. 

This study aims to conduct an analysis on critical state parameters and flow 

liquefaction of the FA treated specimens in triaxial testing condition. 

 

8.2.3. Materials Used 

The sand was sourced from Baldivis, a suburb located in south of Perth, Western 

Australia. To investigate mineral constituents and physical characteristics of the used 

materials, X-ray powder diffraction (XRD) test and sieve analysis [ASTM D4221 

(ASTM 2011b)] conducted. The XRD tests results showed that the quartz is the main 

constituent of the used sand. Furthermore, silicon dioxide, aluminium oxide, and ferric 

oxide are the main constituent of the used FA (Flyash Australia 2016). The sieve 

analysis showed that the used sand has a uniformity coefficient of (Cu) and a 

coefficient of curvature (Cc) of 2.5 and 1.19 respectively. The used sand is a poorly 

graded soil (SP) based on the Unified Soil Classification System (USCS) [(ASTM 

D2487, (ASTM 2011a)]. The PSD analysis of the used materials was shown in Fig. 

8.12. The specific gravity (Gs) of the sand used and FA was 2.67 and 3.1 respectively. 
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Fig. 8.12. Particle size distribution of the used materials 
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least 0.99 was achieved, and saturation stage completed. Then, the specimens 

isotropically were consolidated until the initial mean effective stress of 500 kPa. The 

post-consolidation void ratio (ep) of each specimen was recorded based on the pre-

consolidation void ratio (e0) and the occurred volumetric strain during consolidation 

stage. Table 8.3 shows the test program followed to conduct the tests and the key 

results.  

 

Table 8.3. Experimental program conducted in this study and recorded results 

Test 

ID 

FA 
content 

(%) 
e0 ep 

OMC 

(%) 

MDD 

(kN/m3) 
p' 

(kPa) 

 B-

value 

Critical state (CS) 

q (kPa) p' (kPa) 

S1 - 0.629 0.591 9.3 16.5 500 0.95 0 0 

S2 - 0.619 0.587 9.3 16.5 500 0.95 458 387 

S3 - 0.613 0.581 9.3 16.5 500 0.95 687 587 

S4 - 0.607 0.575 9.3 16.5 500 0.95 1020 876 

SF1 2 0.632 0.598 10.7 16.3 500 0.95 1021 790 

SF2 2 0.621 0.595 10.7 16.3 500 0.95 1191 914 

SF3 2 0.614 0.591 10.7 16.3 500 0.95 1452 1110 

SF4 2 0.615 0.588 10.7 16.3 500 0.95 1732 1325 

SF5 4 0.639 0.61 12.5 16.1 500 0.95 1174 840 

SF6 4 0.625 0.608 12.5 16.1 500 0.95 1389 997 

SF7 4 0.616 0.605 12.5 16.1 500 0.95 1742 1245 

SF8 4 0.617 0.601 12.5 16.1 500 0.95 2021 1456 

SF9 6 0.646 0.618 14.8 16.01 500 0.95 1480 990 

SF10 6 0.630 0.616 14.8 16.01 500 0.95 1702 1150 

SF11 6 0.624 0.613 14.8 16.01 500 0.95 2050 1378 

SF12 6 0.618 0.611 14.8 16.01 500 0.95 2319 1568 

 

8.2.5. Triaxial Test Results  

8.2.5.1. Typical Stress-strain Relation  

Deviator stress (q) and mean effective normal stress (p') in triaxial tests were computed 

using Eq. (8.2.4) and (8.2.5) respectively.   
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𝑞 = 𝜎1
′ − 𝜎3

′  (8.2.4) 

𝑝′ =
(𝜎1

′ + 2𝜎3
′)

3
 (8.2.5) 

Where σ'1 = effective major principal stress; and σ'3 = effective minor principal stress. 

Typical stress-strain behaviour for untreated and FA treated specimens was shown in 

Fig. 8.13. A contractive strain-softening behaviour can be seen from shearing response 

(q-p′) graph for untreated specimen. The untreated specimen reached the maximum 

deviator stress (q) of 417 kPa at axial strain of 1.3% and showed a complete 

liquefaction when reached 18% axial strain. In contrast, the specimens containing FA 

showed a dilative response. For example, the specimen containing 2% FA (i.e., SF1) 

had a peak deviator stress of 507 kPa at 1.2% axial strain and reached 1021 kPa 

deviator stress at 25% axial strain. Similarly, the specimens containing 4% and 6% FA 

(i.e., SF5 and SF9) showed a dilative response. They reached the maximum deviator 

stress of 573 and 627 kPa at axial strain of 1.1% and 1.3%. The deviator stress in SF5 

and SF9 increased to 1174 and 1480 kPa at 25% of axial strain. The acquired results 

in this section indicate that increasing the FA contents caused a change in shearing 

response of the soil from contractive strain-softening to dilative. Also, the results 

showed that in FA treated specimens increasing the duration of the testing until 25% 

of axial strain caused an increase for deviator stress, whereas, the deviator stress 

reached zero by increasing the duration of the test.   
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Fig. 8.13. Undrained shear behaviour of untreated and FA treated specimens under 500 

kPa initial mean effective stress (a) stress path (q-p′); (b) stress-strain relation.  
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8.2.5.2. Critical State Locus in ep-logp′ Plane 

To compute the critical state parameters of the soils Eq. (8.2.6) were introduced by 

Schofield and Wroth (1968); 

Гcs = ν + λcs lnp' (8.2.6) 

Where Гcs= value for ν when p' = 1 kPa on the critical state line; ν = specific volume, 

which is equal to void ratio (e) plus 1.0; λcs= slope line in the space of specific volume 

versus logarithm of the mean effective stress; and p' = mean effective normal stress in 

triaxial condition. The shearing responses of the untreated and FA treated specimens 

were analysed in e-logp′ plane, and the acquired critical state locus have been 

compared. The variations of the post-consolidation void ratio values versus logarithm 

initial effective stress (p') was shown in Fig. 8.14. It is seen from the figure that by 

increasing the FA contents, the locus has an upward tendency. For instance, the 

untreated specimens have a post-consolidation void ratio (ep) in the range of 0.575 ≤ 

ep ≤ 0.587 and mean effective stress in the range of 387 ≤ p′ ≤ 876 kPa. Whereas, the 

post-consolidation void ratio for 2% FA treated specimens increased to 0.588 ≤ ep ≤ 

0.598 at mean effective stress in the range of 840 ≤ p′ ≤ 1456 kPa. For 4% and 6% FA 

treated specimens, the void ratio range values even increased more and were in the 

range of 0.601 ≤ ep ≤ 0.61 and 0.611 ≤ ep ≤ 0.618 respectively. Similarly, mean 

effective stress increased to the range of 840 ≤ p′ ≤ 1456 and 990 ≤ p′ ≤ 1568 kPa 

respectively. Based on the acquired critical state locus in ep-logp′ plane, the critical 

state slope (λcs) and intercept (Γcs) were computed and were presented based on the FA 

contents in Fig. 14. As shown, by increasing the FA contents of the soil structure 

the slope and intercept of the critical state locus. These reductions were in the 
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range of 8.33 x 10-5 ≤ λcs ≤ 8.91 x 10-5 and 0.617 ≤ Γcs ≤ 0.661 for critical state slope 

and intercept respectively.         

Figs. 8.15(a) and (b) show the computed critical state slope (λcs) and intercept (Γcs) 

acquired from the ep-logp′ plane. As can be seen, by increasing the FA contents of 

the soil matrix the slope and intercept of the critical state locus decreased. These 

reductions were in the range of 1.21 x 10-5 ≤ λcs ≤ 2.45 x 10-5 and 0.596 ≤ Γcs ≤ 0.63 

for critical state slope and intercept respectively.      

 
 

Fig. 14. Critical state locus in e-logp′ plane for untreated and FA treated soil 
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Fig. 8.15. Effect of FA contents on (a) critical state slope (λcs) in ep-logp′ plane; (b) critical 

state intercept (Γcs) in ep-logp′ plane. 
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8.2.5.3. Critical State Locus in q–p′ Plane 

The critical state parameters in q - p' plane can be computed using Eq. (8.2.7) 

(Schofield and Wroth 1968); 

q = Mcs p' (8.2.7) 

Where q = deviatoric stress in triaxial condition; p' = mean effective normal stress in 

triaxial condition; Mcs = factor for internal friction of the critical state line in the q - p' 

plane and computed using Eq. (8.2.8); 

𝑀 =
(6 sin 𝜙𝑐𝑠)

3 − sin 𝜙𝑐𝑠
 (8.2.8) 

Where ϕcs =critical frictional angle of the soil. The acquired shearing behaviours and 

critical state locus were analysed and compared on the q-p′ plane for untreated and FA 

treated specimens and the results were presented in Fig. 8.16. As can be seen, 

increasing the FA contents of the specimens increased the critical friction angle (ϕcs). 

For instance, the untreated specimen had a critical friction angle of 29.18°, whereas, 

this value for 2%, 4%, and 6% FA treated specimens increased to 32.46°, 34.31°, and 

35.76° respectively. Fig. 8.17 shows the variation of the critical friction angle with FA 

contents. Table 8.4 shows the characteristics of the untreated and FA treated specimens 

in q–p′ plane. The Mcs showed an increase by increasing the FA contents. For instance, 

the untreated specimen has a critical state constant value of 1.164, whereas, addition 

of 2%, 4%, and 6%, caused an increase to 1.307, 1.388, and 1.452 respectively.  
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Table 8.4. Effect of FA on critical frictional angle and slope factor 

Specimen FA content (%) Mcs Φcs (degree) 

Untreated specimen - 1.164 29.18 

2FA 2 1.307 32.46 

4FA 4 1.388 34.31 

6FA 6 1.452 35.76 

 

 

   

 

Fig. 8.16. Critical state locus in q-p′ plane for untreated and FA treated specimens 
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Fig. 8.17. Variation of the critical state frictional angle (ϕcs) versus FA contents 
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shearing (Sadrekarimi 2014). As shown in Fig. 8.11, the untreated specimen shows a 

brittle or strain-softening behaviour and its undrained post-liquefaction deviator stress 

reached zero (qmin) whereas, in FA treated specimens a strain-hardening behaviour was 

recorded after peak deviator stress for undrained post-consolidation strength and the 

liquefaction did not happen.   

 

Fig. 8.18. Variation of the stress ratio (𝑞/𝑝′) versus void ratio for untreated and FA 

treated specimens 
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Fig. 8.19. Typical brittleness index (IB) for untreated and FA treated specimens. 
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strain-softening response and a very brittle behaviour which led to a IB value of one, 

indicating complete liquefaction.         
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8.3. CHAPTER CONCLUSIONS 

The constitutive modelling of the treated soils helps to approximate the soil response 

under external stimuli using acquired correlations. In this chapter, a series of 

investigations were conducted based on the critical state of the soil mechanics (CSSM) 

to investigate the soil behaviour when treated with fly ash (FA) and ground granulated 

blast furnace slag (GGBFS). Furthermore, the investigations conducted on the role of 

particle shape to understand their effect in forming the soil response. Three types of 

soils consisting of natural sand (NS), crushed sand (CS) and mixed sand (MS) (50% 

crushed + 50% natural) were used and the results were analysed. The analysis on e-p′ 

plane showed that by increasing the values of soil shape descriptors (i.e., roundness, 

sphericity and regularity), the acquired curves dropped, and the strength decreased and 

the critical friction angle of 28.30°, 31.61°, and 34.06° for NS, MS, and CS. The results 

in this section indicate that by increasing the particle shape descriptors values of the 

specimens the critical friction angle increased. 

Analysis on the critical state parameters of the fly ash (FA) treated soil showed that 

increasing the FA contents caused an increase for the locus in ep-logp′ plane, and a 

reduction in critical state slope (λcs) and intercept (Γcs). The analysis on critical state 

locus in q–p′ space showed that increasing the FA contents increased the critical 

friction angle (ϕcs) and factor of slope (Mcs). The analysis on flow liquefaction of the 

FA treated specimens at instability state showed that the FA treated specimens have a 

lower tendency for liquefaction when contribution of the FA increased in the 

specimens.  

The investigation of the effect of GGBFS on e-logp′ plane based on the critical state 

of soil mechanics (CSSM) framework showed that by increasing the GGBFS 

contribution in the soil structure, the acquired curves increased. Investigation on 
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critical state locus in q-p′ plane showed that the tested specimens have a critical friction 

angle of 28.81°, 30.77°, 32.36°, and 35.34 for untreated, 3%, 5%, and 7% GGBFS 

treated specimens. The results in this section show that by increasing the GGBFS 

contents of the specimens the critical friction angle (λcs) and intercept (Γcs) are 

increased.  
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Chapter 9 
Conclusions and Recommendations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



327 

 

9. Conclusions  

This study investigated the effect of ground granular blast furnace slag (GGBFS) and 

fly ash (FA) on liquefaction behaviour of the sand by performing a comprehensive 

series of experimental investigations. The GGBFS is an abundant environmental-

friendly by-product, which is remained from steel manufacturing process. This 

chemical additive has a hydration and pozzolanic characteristics similar to the Portland 

cement (PC) and lime, which encourage the practitioners to apply that in their ground 

improvement projects. The FA is also an environmental-friendly chemical additive, 

which is remained from electricity power station. Similarly, this additive has a 

hydration and pozzolanic characteristics to the traditional chemical agents.  

In the first stage of the study, a comprehensive series of preliminary experimental 

analysis conducted on three types of the ground improvement additives (i.e., 

reinforcement, traditional, and environmentally friendly additives) to evaluate their 

performance and to select the most effective materials, and to follow the main part of 

the experimental studies based on the selected material. Since the chemical additives 

can have a full hydration and pozzolanic reactions in clayey soils, the preliminary 

experimental analysis conducted on two types of clayey soils.   

There are a wide range of studies investigated the effect of reinforcement materials 

such as fibre to improve the mechanical behaviour of the soil, however, less studies 

investigated the effect of the sawdust and the recycled tyre on improvement of the 

mechanical behaviour of the soil. Hence, two recent materials were considered as the 

representative materials for reinforcement techniques to investigate the 1-D 

consolidation and the hydraulic conductivity of the soil. The results showed that the 

recycled tyre is not effective to reduce the compressibility and hydraulic conductivity 

of the soil and the sawdust is relatively effective. 
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The second series of preliminary experimental analysis conducted on lime as the 

representative for the traditional binders by performing a series of volumetric 

shrinkage, unconfined compressive strength (UCS), and the ring shear tests. The 

results showed that however, the addition of lime is effective to improve the 

mechanical properties of the soil, its application accompanies with some deficiencies 

such as cracking and fully or partially replacement of that with GGBFS is effective to 

address this issue. The GGBFS was selected as the representative for the 

environmental-friendly admixtures by performing a series of direct shear tests on 

GGBFS added soil. The analysis showed that the application of GGBFS is effective to 

increase the shear strength of the soil.  

According to the acquired results from preliminary experimental results the GGBFS 

was selected to continue the main part of the experimental analysis. Furthermore, fly 

ash (FA) was selected as another environmental-friendly chemical additive to conduct 

the liquefaction analysis for confirmation of the results. In the next stage of analysis, 

a series of monotonic, cyclic, and post-cyclic experimental tests conducted to 

investigate the effect of the recent environmental friendly agents on liquefaction 

behaviour of the soil.  The following section provide a summary of the acquired results. 

 

9.1. Monotonic behaviour  

The effect of FA on the monotonic liquefaction of sand were investigated by 

performing a series of undrained monotonic triaxial compression tests in one part in 

Chapter 5. The analysis conducted to investigate the effect of FA contents, initial 

relative density, initial mean effective stress, and curing time. No study performed to 

investigate the effect of GGBFS on monotonic liquefaction of sand since this study 

already has been conducted by Sabbar et al. (2017). In this chapter the effect of four 
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FA contents (i.e., 0, 2, 4, and 6%), three initial mean effective stresses (i.e., 50, 70, and 

90%), and three initial relative densities (i.e., 20, 40, and 60%) were investigated. 

Furthermore, the effect of two curing periods of 14 and 28 days were evaluated on 

selected specimens.  

The investigation of the effect of FA contents showed that while the control specimen 

has an ultimate deviatoric stress of 74 kPa, addition of FA caused ultimate deviatoric 

stress values of 81, 89, and 100 kPa when 2%, 4%, and 6% FA added into specimens 

respectively. This behavior was attributed to the filled existing micro pores amongst 

soil particles by FA which reduced the pore water pressure build-up.  

The investigation of the effect of initial mean effective stress showed that the FA added 

specimens tested under a greater initial mean effective stress have a lower ultimate 

deviatoric strength value. For instance, an ultimate deviatoric stress of 81, 75, and 64 

kPa was recorded when the tests conducted under 50, 70, and 90 kPa initial mean 

effective stress respectively. This was attributed to the suppression of dilatancy and 

consistent with critical state of soil.  

The results showed that the densification is more effective in FA added specimens as 

these specimens showed a greater qu value in all relative densities than the untreated 

soil. For instance, an ultimate deviatoric strength of 81, 115, and 161 kPa when the 2% 

FA treated specimens tested with an initial relative density of 20, 40, and 60% 

respectively. 

The investigation of the effect of curing time on FA added specimens showed that the 

specimens with a greater curing period have a greater ultimate deviatoric strength. For 

instance, while 2% FA treated specimen showed an ultimate deviatoric strength of 81 
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kPa. Curing the specimens for 14 and 28 days caused an ultimate deviatoric strength 

of 96 and 108 kPa respectively.       

 

9.2. Cyclic Behaviour 

The effect of FA and GGBFS on cyclic liquefaction strength of sand were investigated 

by performing a series of stress-controlled undrained cyclic triaxial tests in two parts 

in Chapter 6. In the first part, the effect of FA contents, initial relative density, effective 

confining pressure, and curing time on cyclic liquefaction resistance of the soil has 

been investigated and the results have been analysed. In the second part, the effect of 

different parameters such as GGBFS contents, initial relative density, effective 

confining pressure, and curing time on cyclic liquefaction strength of the soil have 

been investigated and the results were presented and analysed.  

 

9.2.1. Effect of FA on Cyclic Liquefaction  

A series of cyclic triaxial tests have been performed to investigate the effect of fly ash 

(FA) on the liquefaction strength of sand. The effect of relative density, FA content, 

effective confining pressure and curing time have been compared and presented. To 

investigate the effect of relative density, two types of specimens, including untreated 

soil and sand mixed with 2% FA with 0.2 CSR under 50 kPa effective confining 

pressure with relative density of 20%, 40%, 60% and 80%, have been tested. The 

results suggested that specimens of sand mixed with 2% FA with 80% relative density 

have the most resistance for liquefaction in comparison with other relative densities. 

In continuing to determine the effect of FA content, a series of cyclic triaxial tests for 

the specimens mixed with 4% and 6% FA were conducted under 50, 70 and 90 kPa 
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effective confining pressure with 20% relative density and 0.2 CSR. The results 

suggested that specimens with a higher FA content have a lower tendency to be 

liquefied. In the last stage of the study, effect of the effective confining pressure and 

curing time was studied. The results showed that the specimens of sand mixed with 

2% FA liquefied earlier under higher effective confining pressures. Furthermore, to 

investigate the effect of curing time, two specimens with 2% FA content were cured 

for 14 and 28 days and tested under 50 kPa effective confining pressure and 20% 

relative density. The results were then compared with an instantly tested specimen in 

a cyclic stress ratio (CSR) versus number to liquefaction (NL) graph. Results showed 

that an increase in curing time led to an increase in liquefaction resistance. 

 

9.2.2. Effect of GGBFS on Cyclic Liquefaction 

The investigations on effect of GGBFS on cyclic liquefaction strength of soil showed 

that the addition of 3, 5, and 7% GGBFS in the specimens caused an increase for the 

liquefaction resistance and improved in the range of 9.7% ≤ IMP ≤ 16.5%, 18.3% ≤ 

IMP ≤ 22.6%, and 22.9% ≤ IMP ≤ 38.3% respectively. In addition, the investigations 

showed that the effective confining pressure has an opposite behaviour with 

liquefaction resistance of the GGBFS treated soil, and the specimens under greater 

effective confining pressures showed a lower value of the cyclic strength. The analysis 

showed that increasing the relative density of the GGBFS treated specimens, increased 

the liquefaction resistance of the specimens. A comparison between NL values of 

untreated specimens and GGBFS treated specimens at different relative densities 

showed that the GGBFS treated specimens have a greater liquefaction resistance in all 

cases. For instance, the specimens treated with 5% GGBFS liquefied at the cycle 

numbers of 221, 207, and 189 at the relative density of 40%, 60%, and 80%, whereas 
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the untreated specimens have NL values of 204, 187, and 175 at the same relative 

densities. 

Finally, the investigations on the effect of curing time on cyclic strength of the GGBFS 

treated specimens showed that the specimens after 28 days and 14 day curing time 

have a greater NL values in comparison with 7 days treated specimens. The results 

showed that an improvement in the range of 18.3% ≤ IMP ≤ 22.6%, 27.4% ≤ IMP ≤ 

41.7%, and 34.9% ≤ IMP ≤ 52.2% after 7, 14, and 28 days curing period were recorded. 

 

 

9.3. Post-cyclic Behaviour 

The main failures in geotechnical structures such as embankments, dams, and slopes 

happen up to 24 hours after an actual seismic event. Therefore, strength analysis of the 

soil after a seismic event such as earthquake is of great importance. Beside of the 

seismic characteristics, the soil characteristics such as relative density, and the external 

loads are crucial parameters to analyse the post-cyclic behaviour of the soil. Chapter 7 

investigated the effect of FA and GGBFS on post-cyclic behaviour of sand in two 

parts. 
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9.3.1. Effect of FA on Post-cyclic Behaviour  

The effect of FA on post-cyclic strength of sand investigated by performing a series of 

undrained post cyclic monotonic triaxial compression tests. The effect of four different 

FA contents (i.e., 0, 2, 4, and 6% on the basis of dry mass), three initial relative 

densities (i.e., 20, 40, and 60%), and three effective confining pressures (i.e., 50, 70, 

and 90 kPa) on post-cyclic behaviour of the soil were investigated. The cyclic loads 

applied on the specimens until they reached the desired pore water pressure ratios of 

0.25, 0.50, and 0.75.  

The investigation of the effect of FA contents on post-cyclic behaviour of the soil 

showed that increasing FA contents increased the ultimate deviatoric stress of the 

specimens in all tested pore water pressure ratios after cyclic loadings. As an example, 

while untreated sand has an ultimate deviatoric stress value of 74, 60, 44, and 28 kPa 

at pore water pressure ratios of 0, 0.25, 0.50, and 0.75, treatment of the specimens with 

2% FA caused ultimate deviatoric stress values of 81, 72, 60, and 46 kPa at the same 

pore water pressure ratios.  

In continue, the results showed that the ultimate deviatoric stress of the specimens in 

the post-cyclic phase reduced when the post-cyclic tests initiated at a greater pore 

water pressure ratio after cyclic loadings. This behaviour was attributed to greater 

cycle numbers that applied on the specimens and provided a more metastable soil 

structure.  

The investigation of the effect of relative density showed that increasing the pre-

consolidation relative density from 20% to 40 and 60% of the specimens increased the 

ultimate deviatoric stress. This increase was less prone in untreated soil and more 

apparent in FA treated specimens. For instance, the ultimate deviatoric stress value of 
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2% FA treated specimen at 20% relative density was 81, 74, 61, and 55 kPa at 0, 0.25, 

0.50, and 0.75 pore water pressure ratios, while increasing the relative density to 40% 

caused an ultimate deviatoric stress value of 115, 102, 80, and 68 kPa at the same pore 

water pressure ratios.  

The Investigations showed that increasing the initial mean effective stress from 50 kPa 

to 70 and 90 kPa reduced the ultimate deviatoric stress of FA treated specimens. For 

instance, the ultimate deviatoric stress at a pore water pressure ratio of zero was 81, 

73, and 64 when the tests conducted under an effective confining pressure of 50, 70, 

and 90 kPa. Increasing the pore water pressure ratio to 0.25 causes an ultimate 

deviatoric stress of 74, 65, and 57 kPa for the effective confining pressure of 50, 70, 

and 90 kPa. This behaviour was attributed to suppression of dilatancy of soil which is 

consistent with critical state of soil and literature.            

 

9.3.2. Effect of GGBFS on Post-cyclic Behaviour 

The effect of GGBFS on the post-cyclic behaviour of soil investigated by performing 

a series of undrained post-cyclic monotonic triaxial compression tests. The effect of 

four GGBFS contents (0, 3, 5, and 7% on the basis of dry mass), and three initial mean 

effective stresses (i.e., 100, 200, and 400 kPa), were investigated. To conduct the post-

cyclic tests, the cyclic loadings were applied on the specimens with initial relative 

densities of 40% or 60% until pore water pressure ratios of 0.25, 0.50, or 0.75, then 

the specimens were monotonically sheared.  

The investigations of the effect of GGBFS contents on the post-cyclic behaviour of the 

soil showed that increasing the GGBFS contents improved the ultimate deviatoric 

strength of the soil. For example, at a pore water pressure ratio of 0.25, the untreated 

soil had an ultimate deviatoric stress of 171 kPa while addition of GGBFS (i.e., 3%-
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7%) caused an increase for ultimate deviatoric stress in the range of 192 ≤ qu ≤ 228 

kPa. In a similar trend, when the tests conducted after a pore water pressure ratio of 

0.50 and 0.75 an ultimate deviatoric stress of 153 and 89 kPa was recorded for the 

untreated soil respectively. Whereas, the addition of GGBFS caused an ultimate 

deviatoric stress of 185 ≤ qu ≤ 215 kPa and 108 ≤ qu ≤ 151 kPa after pore water pressure 

ratios of 0.50 and 0.75 respectively. This behaviour was attributed to dissipation of 

pore water pressure in GGBFS treated specimens due to the presence of the GGBFS 

and filling of the micro pores. The post-cyclic test results also showed that the ultimate 

deviatoric strength for untreated soil and GGBFS treated specimens at a greater pore 

water pressure ratio is lower than the specimens tested at a lower pore water pressure 

ratio. This behaviour was attributed to the greater number of cyclic loadings applied 

on the specimens at a greater pore water pressure ratio which generate a less stable 

structure for the specimens.  

The results showed that increasing the initial mean effective stress in GGBFS treated 

specimens reduced the ultimate deviatoric strength. This behaviour was attributed to 

the soil suppression of dilatancy which is consistent with the critical state of soil and 

literature. As an example, for a pore water pressure ratio of 0.25, the test conducted 

under 100 kPa had an ultimate deviatoric stress of 225 kPa, whereas this value reduced 

to 214 and 185 kPa when the tests were conducted under 200 and 400 kPa respectively.  

The results showed that the densification of the GGBFS treated specimens caused the 

generation of a greater ultimate deviatoric strength than the untreated soil. As an 

example, for untreated specimens prepared at 40% initial relative density, ultimate 

deviatoric stress of 148, 127, and 59 kPa were recorded when the tests were conducted 

after pore water pressure ratios of 0.25, 0.50, and 0.75 respectively, and the initial 

relative density to 60% caused an ultimate deviatoric strength of 171, 153, and 89 kPa. 
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This behaviour was attributed to an increase in interlocking forces and filling of the 

voids which dissipate the generation of pore water pressure. The GGBFS fills the 

remaining micro pores and makes the generation of pore water pressure even harder.     

 

9.4. Constitutive Modelling 

The constitutive analysis based on the critical state of soil mechanics (CSSM) 

conducted on base soil and sand-FA mixture by performing a series of undrained 

monotonic triaixal compression tests in two parts in Chapter 8. The constitutive 

analysis provided relations, which approximate the soil response to the particle 

characteristics and the FA based on the framework introduced in critical state of soil 

mechanics (CSSM). In the first part, the correlations were presented based on the 

roundness (R), sphericity (S), and regularity (ρ) for three types of the natural, crushed 

and mixed soils. In the second part, the critical state locus of the untreated sand and 

sand-FA mixtures were approximated in different planes and the correlations 

presented.    

 

9.4.1. Effect of Particle Shape on Monotonic Behaviour 

Part one investigated the effect of particle shape on monotonic liquefaction of the sand 

by performing a series of the static triaxial compression tests. The tests conducted on 

three types of natural sand (NS), crushed sand (CS), and mixed sand (MS) (i.e. 50% 

natural sand + 50% crushed sand). The results showed that the CS and MS specimens 

had a strong dilative shearing response while the NS showed a contrastive strain-

softening behaviour.  
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The interpreted results in e-p′ plane based on critical stress state framework showed 

that by increasing the values of soil shape descriptors (i.e., roundness, sphericity and 

regularity), the acquired curves dropped and the strength decreased. Investigation on 

critical state locus in q-p′ plane showed that the tested specimens have a critical friction 

angle of 28.30°, 31.61°, and 34.06° for NS, MS, and CS. The results in this section 

indicated that by increasing the particle shape descriptors values of the specimens the 

critical friction angle increased.  

Investigations on undrained instability state of the specimens on the variation of the 

critical stress ratio (q/p') versus post-consolidation void ratio showed that by 

decreasing the crushed grains contributions, the soil intended to be liquefied earlier. 

For instance, a critical stress ratio in the range of 0.95 ≤ q/p' ≤ 1.27, 0.75 ≤ q/p' ≤ 1.1, 

and 0.98 ≤ q/p' ≤ 1.03 corresponding to the post-consolidation void ratio in the range 

of 0.85 ≤ e ≤ 0.918, 0.853 ≤ e ≤ 0.92, and 0.793 ≤ e ≤ 0.873 was recorded for natural 

mixed and crushed soil particles respectively. 

 However, in this study, 15 triaxial compression tests were conducted on three types 

of soils (i.e., NS, CS, and MS), which caused the generation of three points with a high 

value of R2 in particle descriptor graphs. It is recommended that more tests be 

conducted in future studies to have a clear understanding about the effects of particle 

descriptors on the critical state of soil.  
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9.4.2. Effect of FA on Monotonic Behaviour 

Part 2 conducted a series of analysis on the critical state parameters and flow 

liquefaction of the FA added soil by performing a series of monotonic triaxial 

compression tests. The results showed that increasing the FA contents caused an 

increase for the locus in ep-logp′ plane, and a reduction in critical state slope (λcs) and 

intercept (Γcs). As an example, the untreated specimens have a post-consolidation void 

ratio (ep) in the range of 0.575 ≤ ep ≤ 0.587 and mean effective stress in the range of 

387 ≤ p′ ≤ 876 kPa. Whereas, the post-consolidation void ratio for 2% FA treated 

specimens increased to 0.588 ≤ ep ≤ 0.598 at mean effective stress in the range of 840 

≤ p′ ≤ 1456 kPa. For 4% and 6% FA treated specimens, the void ratio range values 

even increased more and were in the range of 0.601 ≤ ep ≤ 0.61 and 0.611 ≤ ep ≤ 0.618 

respectively. 

The analysis on critical state locus in q–p′ space showed that increasing the FA 

contents increased the critical friction angle (ϕcs) and factor of slope (Mcs). For 

instance, the untreated specimen had a critical friction angle of 29.18°, whereas, 

this value for 2%, 4%, and 6% FA treated specimens increased to 32.46°, 34.31°, 

and 35.76° respectively. 

The analysis on flow liquefaction of the FA treated specimens at instability state 

showed that the FA treated specimens have a lower tendency for liquefaction when 

contribution of the FA increased in the specimens. Investigation on brittleness index 

(IB) of the specimens showed that the specimens containing FA have a strain-hardening 

behaviour, and a low value of brittleness, whereas, the untreated specimen have a 

strain-softening response and a very brittle behaviour which led to a IB value of one, 

indicating complete liquefaction.         
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9.5. Recommendations for Future Studies 

In this study, a series of experimental analysis conducted to investigate the effect of 

FA and GGBFS on monotonic, cyclic, and post-cyclic behaviour of sand. The analysis 

conducted on different parameters such as additive contents, initial relative density, 

effective confining pressure, and curing time. The results indicated that the FA and 

GGBFS are effective to improve the strength characteristics of sand against 

liquefaction. The FA and GGBFS are abundant, cost-effective, by-products additives, 

which are remained from electrical plant and steel manufacturing process respectively. 

Furthermore, application of these materials causes less carbon foot print in the 

environment. Hence, their application in improvement of the soil strength against 

liquefaction and seismic events are highly recommended. In addition, following 

recommendations are suggested for the future studies; 

- Along with the technology advancements in the world, new by-product 

materials are producing. It is suggested that this new technology and by-

product materials to be identified and effect of newly produced materials to be 

tested and reported;      

- This study was focused from a technical point of view to investigate effect of 

by-product materials in improvement of the soil behaviour. It is suggested that 

a study to be conducted to investigate from a cost effectiveness point of view; 

- Testing the effect of by-product materials on soil liquefaction behaviour using 

physical models and advanced experimental instruments such as centrifuge 

modelling and shaking tables is recommended as a continuation to this study;    
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- The effect of different sample preparation methods as a critical function in 

forming liquefaction soil behaviour is recommended to be investigated as a 

continuation for this study    
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